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ABSTRACT
Five trees of four species of southern pine, namely
loblolly (Pinus taeda L.), longleaf (P. palustris Mill.),
slash (P. elliottii Engelm.), and shortleaf (P. echinata
Mill.), were sampled to provide specimens of heartwood
and sapwood for permeability determinations.

The samples

were cut from basal discs with a 3/8-inch plug cutter and
their permeability was determined under various conditions,
and after several treatments, using air in a specially
built apparatus, at pressure drops ranging from a few
millimeters of mercury to close to atmospheric pressure.
Supplementary information about the samples was obtained
to provide information on the relationship of permeability
to specific gravity, springwood percent, and ring width.
The influence of sample length, moisture content, and '
reciprocal mean pressure upon measured permeability was
studied.

The effects of treating the samples by steam

ing, organic-solvent extraction, hot-water extraction,
and a combination of the two types of extraction were
examined.
Samples which were shorter than about 1.25 cm
yielded values for permeability significantly higher
than longer samples, and at different moisture contents
viii

below the fiber saturation point samples displayed dif
fering degrees of permeability.

If the samples were

dried to within about 1 percent of the oven-dry condition,
then rewetted and allowed to dry again, the permeability
increased considerably over the previous value at a com
parable moisture content.

This permanent increase in

permeability was not very pronounced if the sample had a
moisture content above about 20 percent, and neither was
any permanent effect on permeability caused by only
drying down to about 6 percent moisture content.

It was

demonstrated that wood shows a direct proportionality
between its apparent gas permeability and the reciprocal
mean pressure of the permeating gas.
Statistically significant differences between the
permeabilities of the various species were found, with
slash being most permeable, followed by loblolly, shortleaf, and longleaf.

This ranking of species by perme

ability reflects the relative permeability of the sapwood
rather than the heartwood, as the heartwood had a very
much lower permeability.

The mean permeability of

sapwood ranged from 15 to more than 100 times the permed
ability of heartwood of the same species.

Mean perme

ability of the heartwood of loblolly was the lowest of
the four species, slash was next lowest, and longleaf
had the highest permeability, five times that of

loblolly.

The permeability of the heartwood was entirely

unrelated to the permeability of the adjacent sapwood,
and no trend with distance from the pith was found.
It was not possible to attribute the differences in
permeability between species to variations in either
specific gravity, springwood percent, or ring width.
Variation in permeability within a single species, in
heartwood or sapwood, was found to be correlated only
i

weakly,,/and irregularly from species to species, with the
three factors mentioned above.
.Of the treatments used to modify permeability, hotwater extraction for 4-hour periods provided the greatest
increase in permeability, but at the end of the third
period of treatment, a maximum had still not been reached.
Extraction with alcohol-benzene mixture improved perme
ability considerably, but after the third 3-hour period,
except in the case of slash pine, a maximum permeability
appeared to have been reached.

Steaming for 10-minute

periods increased the permeability negligibly at first,
and after further periods of steaming the permeability
either declined or stayed constant.
The predominant effect of the extraction treatments
appeared to be due to the loss of extraneous materials,
and could not be shown ito be due in any appreciable

x

•measure to the possible relaxation of the aspirated pit
membranes.

xi

INTRODUCTION
Wood, as is the case with most porous materials,
possesses the capacity to he permeated, or penetrated hy
liquids or gases.

Such a material is described as per

meable, and such a property is described as permeability.
The permeability of wood is a factor which is of
consequence in many of the processes to which wood is
subjected during manufacture.

For instance, such pro

cesses as drying, impregnation with preservatives,
treatment with gas-phase reactants, chemical pulping,
gluing, and finishing are all more or less affected by
the permeability of wood to one or more liquids, vapors,
or gases.

Additionally, the performance of wood in

service may be, to some extent, affected by permeability.
Permeability of wood varies considerably from sample to
sample as a result of. the considerable variation in
structure of woods of different species, and also among
wood samples of a single species.

Wood, by virtue of

its^ structure being different in different structural
planes, possesses different degrees of permeability with
respect to these planes.
The rate of flow of a fluid through a sample of
porous material is dependent not only on the external

1

dimensions of the sample* but also upon the internal struc
ture of the material, upon the viscosity of the perme
ating fluid, and upon the hydrostatic pressure driving
the fluid through the material.

If the dimensions of the

sample, the viscosity of the fluid, and the hydrostatic
pressure are all standardized, the rate of flow becomes a
measure of the permeability of the material, and is com
parable to similarly determined values for permeability
of other materials or samples.

The effects of changing

the dimensions of the sample, the viscosity of the fluid,
and the hydrostatic pressure may be determined, so that
permeability may be measured at other than standard con
ditions.

When the viscosity of the fluid is taken into

consideration, the value for permeability is known as
specific permeability and is usable, within certain limi
tations, to predict the flow through the sample of any
other fluid whose viscosity is known.
In order to display permeability, a material must
not only have void spaces (or be "porous'1), but these
void spaces must be to some extent interconnected.

The

nature of the porosity of the material determines the
permeability.

.

It would appear, at first glance, that

a highly porous material having not only a large propor
tion of voids, but having also large voids, would
necessarily be highly permeable.

This, however, does

not invariably occur, since the interconnections

between adjacent voids, and the continuity of the void con
nections or possible pathways for fluids usually determine
the permeability of the material.
In the case of wood, the voids are predominantly
composed of the lumens of prosenchymatoug cells, supple
mented by such intercellular spaces as may be present.

In

heartwood the lumens of dead parenchymatous cells are
added to the system of voids.

The interconnections be

tween the lumens of adjacent cells are provided by pitting
of the cell walls, and the nature and condition of this
pitting appears to affect profoundly the permeability of
many wood species, particularly softwoods.

Hardwoods,

because they have continuous longitudinal pathways avail
able for fluid movement in the longitudinal direction in
the form of vessels, have values for longitudinal perme
ability more closely dependent on the number and size of
vessels, if these are not blocked by tyloses, than, upon
the nature and frequency of pitting in the other wood
cells.
Since pits in the walls are not simple openings, but
are blocked partially by membranes extending across the
pit apertures, the overall size of the pits is of little
consequence.

What really controls the movements of

fluids through a pit are the size and number of the submicroscopic openings through the pit membrane, known as
pit-membrane pores.

These have only been reported as

occurring in softwoods.

The control of fluid movement by

these pit-membrane pores.is, however, sometimes restricted
by the occurrence of obstructing incrustations in the pit
aperture, and the aspiration of the pit membrane in such
a way that the pores are no longer able to provide
passages for fluids.
It may be appreciated that the difference in perme
ability associated with different grain direction in wood
is explicable on the basis that fluids passing across the
grain will encounter more impediment, in the form of cell
walls, per unit length than would fluids passing along
the grain.

Also the failure of specific gravity of wood

to be well correlated with permeability may be seen to be
due to the minute structure and distribution of pitmembrane pores, rather than to the’ size of the cell
lumens.

The difference frequently found between the per

meability of summerwood and springwood of coniferous wood
has been attributed to a difference in the number of pits
that were blocked by aspiration of the pit membranes.
Various treatments have been used to increase demon
strably the permeability of certain of the western woods,
which are notably refractory to impregnation treatments.
Steaming and solvent extraction were particularly success
ful, presumably as a result of dissolving incrustations
%■

around the pits, or interfering with the tendency of the
pits to aspirate under pressure.

This study was initiated with the following main ob
jectives in view:
1.

To determine values for the longitudinal
permeability to air of untreated southern
pine wood of the four major species occur
ring in Louisiana, loblolly pine (Pinus
taeda L.), longleaf pine (P. palustris
Mill.).a slash pine (P. elliottii Engelm.)
and shortleaf pine (P. echinata Mill.).

2.

To determine the effect of steaming and of
solvent extraction on measured permeability.

3.

To determine differences in permeability
associated with moisture content during
testing, species differences, and variations
in specific gravity and proportion of
summerwood in both heartwood and sapwood.

4.

To check the validity of the existing
theories of gas movement through wood under
an externally applied pressure as they
refer to southern pine wood.

This study represents the only comprehensive attempt
to study the longitudinal permeability to air of these
four southern pine species, which takes into account
various morphological features of the wood as well as
the effects of such treatments as steaming and solvent
extraction.

Methods used to modify permeability are

those successfully used for redwood and Douglas-fir.
The project was tackled in three main phases.

The

first phase was designed to overcome the problems of mani
pulation and to determine the effects of different con
ditions for measuring permeability.

The effect of sample

moisture content and differences between heartwood and
sapwood were examined in this phase.

The second phase

examined the effects of the conditioning treatments on
permeability using four species.

The third phase

followed up the results of the second phase by examining
the effect of certain other treatments on permeability.
The permeability test apparatus was designed as a
simple arrangement incorporating essentially a vacuum
system, a specimen holder, a mercury manometer, an air
flow meter, and temperature and humidity control.

Repli

cation of samples and treatments was sufficient to allow
statistical analysis to be applied to the resulting data
as an aid to interpretation.

Certain samples were re

tained after testing for further treatment, and subse
quent remeasurement of permeability, thus allowing the
use of regression analysis in certain cases.

REVIEW OP PREVIOUS WORK
There is a large volume of literature on perme
ability* much of which has reference to geological and
engineering problems.

Much of the existing theory has

developed in response to the needs in these practical
areas of work.

Wood* however* and fibrous materials of

a similar nature* are mentioned rarely in basic works on
permeability.

It is* therefore* from the work with

materials other than wood that the theory of perme
ability is drawn.

It is only in recent years that some

of the theory that had long been available has been
applied to explaining the permeability phenomena of
wood.
Permeability theory
All permeability theory starts, from Darcy's wellknown law which describes the flow of a fluid through a
porous material as directly proportional to the pressure
gradient which produces the flow.

This law may be

expressed thus:
Q = b(Ap/L)

................

where (Ap/L) represents the pressure difference per
unit length* Q is the rate of flow* and b is a

2.1

proportionality constant.

If, for a permeable material of

cross-sectional area A, and in a time t, a total flow of
P occurs, then the rate of flow Q is given by:
Q = F/(At) . . ......................

2.2

Then b, the coefficient of permeability of the
material, is defined by combining these two equations
(Carman 1956):
b = (PL)/(AtAp) ....................

2.3

For Darcy’s law to hold, b would have to remain con
stant over different ranges of A p for a single specimen.
However, this is not found to be so except under certain
conditions, in which case the flow is considered to be
entirely controlled by the pressure gradient of the
fluid.
Since, under laminar flow, viscosity provides the
only resistance to flow, then a specific permeability
coefficient (bSp) may be.used, to estimate the behavior of
fluids of various viscosities (Muskat 1937)» and this is
defined by the equation:
bsp = (F«| L ) / ( A t A p ) ................
where <rj is the viscosity of the fluid used.

2.4

The units

of this coefficient are commonly the darcy or millidarcy.

A material has a specific permeability of 1 darcy

when there is a flow of 1 ml per sec through a crosssectional area of 1 cm2 as a result of a pressure drop
of 1 atmosphere per cm across the sample, the fluid

having a viscosity of 1 centipoise (Muskat 1937).
Under the conditions stated above, the equations are
valid for incompressible fluids.

Gases, being compress

ible, will have a different volume flow at different
locations within the sample due to the pressure expe
rienced, but the mass flow from place to place will remain
constant.

A correction for the pressure of the gas must,

therefore, be made.
Thus for gases:
2.5

bsp = (Fjij Lp-|_)/(AtApp)............
where p is the average pressure of the gas and

is the

pressure at which F is measured (Carman 1956).
In a given system, using a gas of constant viscosity,
where A and L are constant and flow is measured in unit
time, the above equation reduces to:
bsp = °(f P i )/(a p p ) ................

2.6

where C = (<»|L)/(At)..........

2.7

and C may be thought of as a system constant.

Now, under

conditions of laminar flow, a plot of (Fp-jJ against A p
would show a straight line passing through the origin.
Under these conditions, at different values of A p , iden
tical values of bsp will be obtained within the limits of
experimental error.

In actual fact this theoretical

straight line is only approximately obtained.

For many

years, workers in the field of petroleum engineering had
regarded the deviations from the expected line as due to

10
experimental errors, despite the fact that theory existed
which could account for these deviations in a systematic
manner.

Two workers, apparently independently of each

other, assembled the theory to account for the apparent
discrepancies.
Adzumi (1937a* *>) described the flow of gases in
terms of two types of flow, Poisseuille flow, and Knudsen’s
flow or slip flow.

Poisseuille1s equation describes the

quantitative relationship between viscosity of a fluid
and the volume of flow through straight capillaries of.
known dimensions under hydrostatic pressure:
= (*ir Apr^t)/(8PL) . . . V ........
or Q =

Vr AprV(8L«j )

2.8

................

where r is the radius of the capillary.

2.9

This relation

ship is valid only under the regime of laminar flow, for
which condition viscosity is defined.

Knudsen’s flow

describes the molecular level flow which occurs along the
walls of capillaries whose radius is of about the same
order of size as is the mean free path of the molecules
of a fluid.

Under these conditions (i. e., low pressure),

the contribution of molecular slip to the movement of
gases through small capillaries is considerable, and the
Knudsen effect added to the amount of flow predicted by
the Poisseuille equation will adequately explain the
volume of flow.

Knudsen1s equation may be written thus:

<J = (4/3)/(2> RT)/M(r3Ap)/(LPl) . . .

2.10

11
where R is the gas constant, T is the absolute temperature,
and M is the molecular weight of the gas.
Adzumi's combination of these two equations is:

Qp-j/Ap = (“ii/8r»| )Ep + 0 . 9 ( V 3 ) / r ^ RT/M)F

2.1 1

where E = r^/L and F = r^/L.
Assuming a structure that may be represented by a
series of n parallel capillaries of the same radius, then
E becomes n(r^/L) and P becomes n(r^/L). Then Adzumi's
equation becomes:
QPj/Ap = n(>r/8r»j )r2|'p/L .
+ 0.9 (V 3 V (2* RT/M)r3/Ln . .

2 .1 2

Since the molecular mean free path of a gas (X ) is
described from kinetic theory by the equation:

.

( X p )/2 =^[W J7K

2.1

then Adzumi's equation may be reduced to:

Qp-j/Ap = /[nr^plr )/(<^| 8 lJ 7 (1 + (3.8X/r)
Now, using these equations and plotting the values

2 .1 4
obtained

for Qp^/Ap against J3, then we may experimentally deter
mine values for r and L, since, if the above equations
hold true, a straight line plot will result with the
second term of equation 2.12 equal to the intercept of the
Qpi/Ap axis and ('ft r^)/(8«| L) equal to the slope, where
we know the appropriate gas constants for the gas used.
Klinkenberg (1941) did very careful experimental
work to show quite clearly that the permeability of a
\

material to a gas differed with differing mean pressure.

When he plotted calculated permeabilities over the reci
procal mean pressure, straight line relationships were
produced.
tained.

For different gases, different slopes were ob
However, these straight lines cut the vertical

axis at the same point.

This point of intersection

corresponded to the permeability of the material to
liquids, or the permeability to gases at infinite pressure.
This work clearly showed the relationship of gas perme
ability and permitted the prediction of liquid perme
ability from gas permeability measurements.
Despite this revealing piece of work and that of
Adzumi, which has been quoted in many articles on perme
ability of wood, the relationship of gas to liquid perme
ability has only been pointed up, for wood, very recently
by Comstock (1967).

In fact, until the publication of

this article, a major portion of the present work was to
have been devoted to showing the validity of Klinkenberg1s
work as applied to wood.
Klinkenberg1s equation may be written:
Ka « K(1 + b / p ) ...............

2.15

where Ka is the apparent permeability of the gas at
different values of p, b is the slope of Ka plotted over
reciprocal mean pressure (1/p), and K is the specific
permeability of the material to liquids.

The identity of

this equation with equation 2.11 was detailed by Rose
(1948).

The value of this relationship between gas

permeability and liquid permeability becomes apparent when
one realizes the problems involved in attempting to obtain
reproducible results when studying the flow of liquids
through wood.

It has been found extremely difficult to

obtain constant flow rates using liquids because of air
blockage, according to a theory of Mehner (1 9 3 7 ).

Similar

problems were experienced by Kelso et al. (1963)5 Erickson
et al. (1 9 3 7 )i Buckman et al. (1 9 3 5 ) 5 Sutherland et al.
(193^)5 Anderson et al. (194-1) and Erickson and Estep
(1962).

The blockage has been to some extent controlled

by ultra-filtering of'the liquids used (Krier 1951* Kelso
et al. 19635 Erickson and Crawford 19595 and Erickson
i960).

However, Erickson and Estep (1962) were not able

to achieve constant flow at higher pressures.

The

problem of air blockage has not been completely solved,
and the solution may depend upon a drastically new ap
proach with the objective of obtaining reproducible
results from liquid permeability tests.
Another condition under which flow deviates from
Darcy’s law is when the pressure drop is high enough to
cause exceptionally rapid flow, in which case laminar
flow may give way to turbulent flow, which is no longer
directly proportional to pressure drop.

This sort of

condition does not generally appear to be reached in the
case of materials such as wood.

Hawley (1931) believed

that turbulence occurring during treating with

'
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preservatives is negligible.
Henriksson (1958) reported that, although the rate of
flow of liquids increases up to a certain limiting pres
sure, thereafter the flow rate actually decreases.

This,

however, has been attributed to either a bulging of the
pit membranes (Sutherland et al. 1934) or to an increase
in size of the larger pit-membrane pores at the expense
of the smaller pores under high pressure (Anderson et al.
1941).
Internal and external factors affecting wood permeability
Since wood is a relatively complex material, the
isolation of individual factors which affect such a
phenomenon as permeability is difficult, if not impossible.
Firstly, any given piece of wood consists of at least
several different types of cells, the relative frequency
of which varies quite considerably not just between
species but also within a species or single tree.

Some

of these cells are arranged parallel to the main axis
of the tree, some are arranged perpendicularly to this
axis, and to some extent some cells are to be found which
do not lie strictly in either of these primary orienta
tions.

Add to this the complexity of the wall structure,

the presence or absence of contents in the cell cavity,
and the fact that the cellulose component of the wall is
of a hygroscopic nature, and it may very well be seen

15
how complex a consideration of the internal factors affectpermeability may become.

One factor which should also be

kept in mind is that every treatment or event that occurs
in the life of a cell and thereafter before the perme
ability is to be considered is liable to leave its mark
either temporarily or permanently on the permeability
behavior of the piece of wood.
It may be noted that differences in permeability be
tween different races or varieties of the same species are
recognized in the case of Douglas-fir (Blew 19^1, Erickson
and Estep 1962, Krahmer 1961).

In fact, the American

Wood-Preservers Association has different treatment
standards for the coastal race and the Rocky-Mountain
race of Douglas-fir (Pseudotsuga menziesli var. menziesii
(Mirb.) Franco and P. menziesii var. glauca (Beissn.)
Franco).

Although most of the factors affecting perme

ability are hard to separate, it is well to try to deal
with them one by one.
Structural direction
It has long been known, or at least assumed, that
permeability of wood differs according to the structural
direction in which flow is measured.

In the treating

industry, the ease of lengthwise penetration of preser
vatives as compared to lateral penetration has been
regarded as being due to differences in permeability

with respect to the different structural planes.

Rapid

end-drying of wood is also attributed commonly to this
factor.

However, in both these cases there is a tendency

to confusion as to the accepted meaning of permeability,
since permeability actually only has reference to the
phenomenon of pressure-induced flow, whereas in drying,
pressure-induced flow may be essentially absent, as in
some treating processes also.

Other modes of movement

almost certainly predominate under certain conditions.
Liquid diffusion and gaseous diffusion are two modes of
fluid movement which are certainly involved in many cases.
Only if conditions which favor high permeability also
favor these other modes of movement will permeability re
flect the degree to which fluids penetrate wood by other
modes.
However, measurements of permeability in various
structural directions have been carried out, and these
have revealed that longitudinal permeability is consider
ably in excess of lateral permeability (Erickson et al.
1938, Smith and Lee 1958, Erickson and Estep 1962,
Resch and Ecklund 1964, Choong and Fogg 1968).

If one

idealizes the structure of wood as a series of more or
less cylindrical cells, with limited areas of access
from one cell to the other, it is apparent that, in
passing in a direction perpendicular to the long axis of
the cells, a fluid will encounter and be forced to pass

17
through considerably more of these cross walls and there
fore more restraints to movement per unit length than will
a fluid passing parallel to the long axis.

If the fluid

is passing longitudinally through a thin piece of wood
in which many cells are severed at both surfaces of the
wood, then in these individual cells no cell walls have
to be passed through, and measures of permeability are
high and do not reflect the true permeability of the
wood as a whole.

This holds true where a relatively

large number of cells are opened even at one end of the
sample only (Stamm 1946).

When the length of the sample

tends to be shorter than two times the longest element
in the wood, the measures of permeability become abnor
mally high.
Differences between tangential and radial perme
ability are not great as compared to those between longi
tudinal and transverse permeability (Resch and Ecklund
1964, Choong and Pogg 1968).

Smith and Lee (1958) found

that with seasoning Douglas-fir heartwood became more
permeable in the tangential direction, whereas in the
radial direction, it became less permeable.

Tesoro et

al. (1966), in measuring lateral permeability, made no
distinction between radial or tangential directions of
flow.

Radial permeability has been found to be greater than
tangential permeability in some cases.

Teesdale (1914-)

attributed this to the presence of resin canals in the
rays, whereas Erickson et al. (1938) found tangential
permeability higher in resinous woods than radial perme
ability.

The high frequency of pits on the radial walls

of tracheids would be adequate explanation of high tan
gential permeability.

However, Choong and Fogg (1968)

found in southern, pine that radial permeability was
greater than tangential permeability, and this is in a
species which is generally devoid of pits in the tangen
tial walls of the tracheids.
Pits
The only built-in interruptions in the continuity of
the cell wall of most wood cells occurs in the form of
pits, although Tiemann (1910) believed that the primary
walls of the cells were completely closed and had no
passageways for gases or liquids under even high pres
sure.

He theorized that slits, which developed in the

cell-walls during drying and even more so during steam
ing, provided the only pathways for movement of gases
and liquids under pressure.

Since Bailey (1913a, b)

demonstrated the flow of particles through pits, the
dependence of fluid movement on the availability of pits
has been substantiated by many people (C&te' 1958, Smith
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and Lee 1958, cSte and Krahmer 1962, Krahmer and c6te 1963
Resch and Ecklund 1964, Stamm 1963> Stamm and Wagner 1961)
In the conifers, a closing torus has been recognized,
which appears to be capable of displacement from its cen
tral neutral position to block the aperture of the pit so
as to effectively prevent the passage of fluids.

The

presence of pit-membrane pores in the membrane has been
demonstrated by the use of the electron microscope, and
the size of the pores found by this method has been found
to be in reasonable agreement with the sizes predicted by
physical methods (Sebastian et al. 1965). -Stamm (1967)
noted that a considerable range of size exists in pores
of a single specimen, and Bailey (1957) emphasized the
range of structural variations in pit-membrane structure
from species to species and that this should be taken into
account in dealing with permeability problems.
Displacement of the torus seems to occur as a result
of pressure differences on opposite sides of the pit, or
of surface tension forces acting during the drying of
wood above the fiber saturation point (Griffin 1919,
1924; Phillips 1933; Erickson et al. 1938; and others).
,Such displacement may be alleviated by solvent drying
(Erickson and Crawford 1959)» for example, by the addition
of ethyl alcohol or acetone to the wood prior to drying.
This alleviation is brought about through a reduction in
surface tension, which results in a corresponding

20
reduction in the proportion of aspirated pits.
After drying* the torus appears to become relatively
immovable.

However* the degree of immovability is pro

bably affected by the extent to which the displaced torus
may be cemented in place by such extraneous materials as
water-soluble hemicelluloses or pectins (Sandermann and
Jonas 1952)* or fats* waxes* and resins (Koljo 1951).
The work of Suohlati and Wallen (1958) with aqueous
ammonium oxalate* a solvent for pectins* indicates that
resins do not play a significant role in relation to the
movement of the torus._
Heartwood versus sapwood
The considerable difference in permeability between
heartwood and sapwood has long been recognized (Bailey
1913a* Scarth 1928* and others).

Reasons for this

difference are attributed variously to the degree of pit
aspiration* the clogging of the pit apertures with ex
traneous materials* and the gluing effect of such mate
rials on the aspirated pits (Griffin* 1919* 1924;
Krahmer and C&te 1963J and others).

The heartwood has

been noted as frequently having a large proportion of
aspirated pits when dried.

The factor of additional

age of heartwood as compared to sapwood is not usually
considered to be involved* since there are few reports
of a steady trend in relation to distance from the pith
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center or with distance from the cambium.

Buro and Buro

(1959"b) with pine, Benvenuti (19^3) with loblolly pine,
and Comstock (1965) found that the outer sapwood was
considerably more permeable than the inner sapwood.
Krahmer and C&te (1963) found a similar trend in Douglasfir, but no perceptible change from bark inwards in
western hemlock (Tsuga heterophylla (Raf.) Sarg.) and
western redcedar (Thu.ja plicata Donn.).

Erickson et al.

(1937) found no trend with distance from the center of
the tree in western hemlock sapwood or in Douglas-fir
heartwood.

Phillips (1933) found the structure, size,

and degree of aspiration of pits to be fairly uniform
throughout the heartwood zone.

The trend is generally

relatively slight compared to the abrupt change in perme
ability as the wood changes from sapwood to heartwood.
The visible difference between heartwood and sapwood
occurs abruptly with a transition zone of as little as
part of an annual ring (Brown et al. 1964).

However,

there are indications that some of the changes involved
in converting sapwood to heartwood take place over a long
period of time.

There is little indication that the

permeability that is.finally achieved in the heartwood
is governed by the permeability possessed by the same
portion of wood when it was sapwood.

Choong and Fogg

(1968) showed that among different species, those having
the least permeability in the sapwood did not necessarily
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have the least permeable heartwood.

In other words, the

primary determining factors in sapwood and heartwood are
most probably different.
Stamm (1931) found the permeability of slash pine
sapwood to be 4000 to 5000 times as great as the heart
wood permeability.

This he attributed to the difference

in the size of the effective openings.

Despite recog

nition of the effect of the zonal origin of wood samples
as important, as recently as 1958, Smith and Lee reported
on the longitudinal permeability of many wood species,
without identifying in many cases whether the samples were
of heartwood or sapwood.
Springwood versus summerwood
Because of the obvious difference in morphology of
the springwood and summerwood zones within a single annual
increment, it might be anticipated that differences in
permeability between the two zones would be appreciable.
Several reports have indicated that there is a significant
difference between these zones.

Scarth (1928) observed

that the springwood was less permeable in both sapwood
and heartwood of white spruce (Picea glauca (Moench)
Voss) than the summerwood.

Teesdale (1914) reported in

most species the summerwood was more easily penetrated
than the springwood.

Maclean (1924) found a similar

situation in some woods, but not in others.
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Phillips (1933) attributed the small differences that
he detected to the greater proportion of aspirated pits in
the thin-walled springwood cells when the wood was below
the fiber saturation point.

However, Erickson and

Crawford (1959) indicated that, if aspiration could be
prevented during the seasoning process, the permeability
of summerwood would be greater than that of springwood.
Liese (1951) found that, during treatment of spruce wood
with preservative oils under pressure, the pits tended to
remain open in the summerwood cells but tended to close
in the springwood cells.
Resin canals
Resin canals have been suggested as possible contri
butors to permeability.

However, it should be noted

that, in wood that has not been treated drastically in
the course of manufacture, the resin canals are likely to
be effectively blocked by considerable quantities of
resin.

It appears, therefore, highly improbable that

under such conditions resin canals would contribute much
to the permeability of wood.

However, any treatment that

would result in either the removal of resin canals, or
the breaking up of the resin into granules with air spaces
between them, might very well improve the permeability in
proportion to the number of resin canals present.

Erick

son and Estep (1962) reported resin canals to be no more

effective than wood rays in radial flow except after sol
vent extraction, and Erickson and Crawford (1959) re
ported generally no effect of resin canals.

Benvenuti

(1963) found no connection hetween resin canals and
permeability, even after the resin canals had been
cleaned by solvent extraction, in the case of loblolly
pine.
Specific gravity
There is little evidence of a consistent relationship
between specific gravity and permeability, either within
a single species or between different species.

This is

attributable to the fact that permeability is more
dependent on the arrangement and frequency of pitting
than on the proportion of void spaces in the wood
(Miller 1961, Resch and Ecklund 1964).

However, the pro

bability of a relationship between specific gravity and
permeability has been cited (Koljo 1951).

Blew (1961)

also indicated this possibility in coastal Douglas-fir.
Buro and Buro (1959a) noted that ring width had no
effect on permeability.

Benvenuti (1963), however, indi

cated that the best single indicator of differences in
permeability between trees, and within the sapwood of
single trees, is specific gravity.

This is attributed

to larger fibers in summerwood than in springwood and
more aspirated pits in the springwood.
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Moisture content
Stamm (1935) determined the changes in capillary
structure of wood with changes in relative vapor pressure
using a pressure drop apparatus.

This apparatus allowed

the serial arrangement of a capillary of known dimensions
with a material containing capillaries of unknown dimen
sions.

Then* since for both the capillary and the sample

of material the volume of flow is constant, by using
Poisseille’s equation the value for Nr^/Ly* could be deter
mined.

Where N is the number of capillary openings per

unit cross section, rw is the mean effective radius of
these capillaries, 1^ is the length of the capillaries,
and the following equation is valid:

In this equation, rc is the radius of the known capillary,
Lc is its length, Q is the area of the cross section of
the sample, Pc is the pressure drop across the capillary
and Pw is the pressure drop across the wood sample.
Stamm found that the pressure drop ratio (Pc/Pw )
varied with relative vapor pressure.

At low relative

vapor pressure, the pressure drop ratio was at a maximum
and decreased in sigmoid fashion to a minimum at 100 per
cent relative vapor pressure.

There was a difference in

the curve according to the direction in which the vapor
pressure was varied, similar to the hysteresis occurring
between the absorption and desorption isotherms of wood.
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Most other workers in wood permeability have set an
arbitrary moisture content for determination of perme
ability and thus have overcome the effect of moisture
content.
Above the fiber saturation point, the permeability of
wood to gases is affected by the degree to which the voids
are occupied by free water.

Additionally, the passage of

air of any relative humidity below one hundred percent
would result in the steady reduction in moisture content
by evaporation.

Moisture removal in this way will deplete

the amount of free water and cause this to retract into
the smaller capillaries of the wood structure.

As the

water retreats into the pit cavities, it apparently pulls
the pit membranes to one side or the other, thus blocking
the pits.

This increasing rate of aspiration with de

crease in moisture content above the fiber saturation
point is reflected in decreased permeability as measured
with liquids.

Below fiber saturation the permeability,

at least as measured by gases, increases with further
loss of moisture.

This must result from either the en

largement of existing controlling pathways or an increase
in the number of available pathways.

Tieman (1910) con

sidered this increase in permeability to be due to the
development of minute cracks in the cell wall as drying
proceeds.
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Conditions of permeability measurement
Several factors surrounding the conditions under which
wood samples may be assessed for permeability may affect
the outcome of such tests.
be of importance.

Of these,- size of sample may

It has been found that when the

sample is of such size that the individual cell elements
that are severed are large in number compared to the
number of cells that are not severed, the permeability
measurements are high (Sebastian et al. 1965).

It would,

therefore, appear that samples, should be cut to such
lengths that the total length be at least twice the length
of the average fiber or tracheid so as to minimize the end
effect.
Another reason for not using a small sample is that,
when the data are to be used to estimate average perme
ability, local variations within the wood will have less
effect upon the results when large samples are-used.

This

applies to both the length of the sample and the cross
sectional area.

However, if the length of the sample is

made too large, the average pressure drop per unit length
may not be great enough to achieve a measurable flow with
the apparatus in use.

Additionally, the pressure at

which a gas is passing through the sample will vary con
siderably from end. to end, and if larger overall pressure
drops are used to achieve a satisfactory flow, any devi
ations due to pressure effects may be accentuated.
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In the case of gases, the average pressure of the gas,
does have an effect on the apparent permeability, and
therefore, where permeabilities are being estimated from
average permeabilities, the pressure drop at which tests
are made should be standardized for comparative purposes.
Moisture content of the sample has an effect on per
meability, therefore in order to maintain a single mois
ture content in the sample while the permeability is
measured, the relative vapor pressure of the gas that is
being used should be suitably adjusted.
Temperature of the fluid being used affects the
viscosity of the permeant and also the mean free path of
a gas.

Therefore, in both the relatively pure laminar

regime and in the regime where slip flow occurs, the
temperature of the fluid should be controlled and
measured.
The nature of the surface of the cross section of the
sample has been referred to (Kelso et al. 1963) as affect
ing the permeability.

This was ascribed to the acquisi

tion of air bubbles in the surface area over a period of
time, and a subsequent cutting of a new surface resulted
in a return to the original permeability.
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Treatments to modify permeability
Although the drying of wood certainly results, under
most conditions, in the reduction of permeability, this
should hardly be regarded as a treatment to modify per
meability.

However, the solvent drying of wood may be

regarded so, at least in part.

In this method, a liquid

having a surface tension considerably less than that of
water is introduced into the wood, with the result that,
when the wood is dried, the pits do not become aspirated
(Griffin 1919* ‘1924; Phillips 1933; and others).

The real

objective of solvent drying is to reduce the occurrence
of defects which are produced by regular drying methods,
but achieving this objective is partly dependent on the
increase in permeability which aids in the passage of
liquids from cell to cell.

Sandermann and Jonas (1952)

demonstrated improved absorption of tar oils following
vapor drying.

Phillips (1933)* however, found that the

effect of alcohol added to the wood before drying was not
as great as might be expected because of the dissolving
of resins in the alcohol with a consequent small reduc
tion in surface tension only.
e

Another method of increasing permeability is to
steam the wood.

However, Blew (1961) discovered little

effect of steaming on the permeability of Rocky-Mountain
Douglas-fir, as did Erickson and Crawford (1959) with
green wood, whereas after drying, steaming allowed

recovery of permeability equal to that possessed by the
wood prior to drying.

The exact mechanism is in some

doubt, but probably several things take place.

One of

these is the possible dissolving of pectins from around
the pits, thus reducing the amount of material available
for cementing the torus in the pit aperture.

There is

the possibility that the steaming confers on the pit
membrane a flexibility that makes it less likely to be
come fixed in the aspirated condition.

There is also the

possibility of an effect on the nature of the resinous
substances in the wood cells, making them more granular
and thus allowing fluid to flow past them.

No single

effect has been shown to be unequivocally the reason for
the improvement in permeability,
Pre-steaming of wood while in the green condition
has been effective in reducing the loss of permeability
during subsequent drying (Ellwood and Erickson 1962,
Benvenuti L963).

The exact cause is no more certain than

is the case with steaming after drying.
Solvent extraction is another method of treating
that has resulted in increases in permeability (Benvenuti
1963* Comstock 1965).

The reason for this is most cer

tainly predominantly the removal of extraneous substances,
which either block the pathways through the wood or act
as cements around the pits.

Krahmer and Cote (1963)

noted that solvent extraction of heartwood did not cause
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the same permeability to be developed as exists in un
treated sapwood and attributed this to the fact that the
lignin-like incrustations around the pit were not dis
solved as were the resins and other extraneous materials.
Buro and Buro (1959"b) noted that the effect of extraction
was greatest in specimens with initially poor perme
ability.

This tends to confirm that where the extrac

tives do play a part in determining permeability, their
effect may override the effects of morphology.
It has been found that when wood is soaked for a
period of time after felling, and prior to pulping, the
chemicals are able to penetrate the wood more com
pletely.

This may be dependent on permeability changes,

or of course, it may be dependent on changes which affect
the rate of diffusion.

The reason for the increase in

accessibility of the wood to the chemicals is usually
thought to be that the wood has been attacked by micro
organisms, and either the existing pit-membrane pores
have been enlarged by the activity of the enzymes re
leased by the micro-organisms, or that new pathways have
been produced by the activity of these enzymes.

Lindgren

and Harvey (1952) reported increased permeability in con
sequence of treating wood with fluoride salts which
favored the growth of a green mold.

This work followed

observations that southern pine stored under water had
increased in permeability as a result of attack by
(
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micro-organisms (Lindgren 1952).
Another treatment which has been used to increase
permeability is treatment of the wood with a chemical
capable of modifying the cellulose or lignin.

This has

been done with ozone (Lantican et al. 1965) •

The limi

tation of this method must surely be that the access of
the gas to the impermeable parts of the wood has to
depend on permeability in the first place.

However,

presumably under suitable treatment conditions a fairly
uniform distribution of the chemical should be possible,
especially if it is a gas.
Effect of permeability on wood treatment
There is no doubt that permeability is of considerable
importance in the preservation of wood.

A highly per

meable wood is easy to treat, whereas a highly imper
meable wood is hard to treat and is known as
"refractory."

Similarly, sapwood of most species is rela

tively easy to treat, although the heartwood of the same
species may be exceedingly difficult to treat because of
its low permeability.

This effect on treatment is most

pronounced in treating by pressure methods, in which
cases the preservative has to flow in a limited period of
time through all the cells of the wood.

In the case of

soaking or diffusion treatments, the effect of perme
ability would not be expected to be significant.

Tesoro
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et al. (1966) showed a correlation "between transverse per
meability and treatability with creosote.

Maclean (1924)

obtained greater penetration and absorption of zinc
chloride solution as a result of raising the temperature
during treatment, which may be brought about by the in
creased flow as a result of decreased viscosity or by a
temporary increase in permeability during the heating
period.
The heartwood of trees usually has a far lower
moisture content at the time of felling than does the sapwood (Brown et al. 1964), and yet, in spite of this, the
heartwood is usually more difficult to dry.

This has

been attributed to differences in permeability in the two
zones (Hart 1966).

Theorizing about the distribution of

moisture content during the drying process in wood of
either high or low permeability, he suggested two charac
teristic types of distribution that differ considerably.
The work of Choong and Fogg (unpublished data) indicates
that there is little difference between the moisture
distribution patterns of heartwood and sapwood of yellow
poplar (Liriodendron tulipifera L.).

The permeability

of the heartwood of this species was found to be many
times lower than the permeability of the sapwood.
Despite this finding, it is generally accepted that per
meability does, in fact, affect the rate of drying, and
the work of Ellwood and Erickson (1962) with redwood
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certainly indicates a dependence of rate of drying on the
permeability acquired by various treatments.
Pre-steaming of collapse-susceptible wood prior to
drying has been used for many years in Europe and has
more recently been tried with species of Eucalyptus in
Australia (Campbell 1961).

A reduction in the drying

time results from such treatment, although the relation
ship of this to probable changes in permeability that
accompany steaming is still questionable.
There are other areas in which the permeability of
wood may be of consequence.

Many of the glues used to

bond wood depend upon the evaporation of water or some
other material from the glue during the curing period.
If the removal of such liquids.from the glue line is of
importance, then seemingly the permeability of the adjacent
wood to these liquids should be of consequence in the
gluing operation.

Also, most materials applied to wood

to finish it contain vaporizable solvents.

The rate at

which these solvents evaporate from the finish is im
portant in the manufacturing operation.

If some of the

solvent enters the wood temporarily instead of evapo
rating into the atmosphere, then the rate of drying of
the finish may be retarded.
The permeability of wood was thought by Smith and Lee
(1958) to be correlated with durability in service.
examined the relative durability in relation to

They

permeability of many species and came to the conclusion
that among hardwoods there was a definite, if low, corre
lation of the two properties, whereas among the soft
woods there was no evidence of such a relationship.
They indicated that this may be due to both permeability
and durability being functions of a single variable, for
instance, cell deposits.

The possibility that low per

meability interferes with the availability of oxygen to
decay micro-organisms was suggested.
Summary of previous work
Permeability, as distinct from penetrability, re
flects the capacity of the wood to be permeated by either
liquids or gases under hydrostatic pressure.

Because of

technical difficulties in measuring the permeability of
wood to liquids in a reproducible way and the fact that
the relationship between liquid permeability and gaseous
permeability has remained untouched for many years, there
has been a lag in the accumulation of comprehensive in
formation on the permeability of wood in general.

Much

work has been expended to overcome the technical diffi
culties, and to some extent these are beginning to yield
to new methods.
There is no question that permeability, if not
actually involved in the processes of drying and manu
facture, is related to many of the phenomena that occur

in these processes.

Additionally it is most probable that

the performance of wood in service is also related to
permeability.
There have also been cases where improvement of per
meability has been achieved by various treatments applied
to wood.

These increase permeability and thus improve

the treatment to which the wood is later subjected.

If,

however, a decrease in permeability is desirable, not
much progress has been made, although impregnation with
various polymerizable chemicals should bring about this
result.
The way in which wood loses its moisture appears to
have a profound effect on permeability, and all studies
involving permeability should take into account the
effect of drying method on permeability.

MATERIALS AND METHODS
Sample collection and storage
Permeability samples were removed from crosssectional discs removed from the bases of selected sample
trees.

Although the original sampling plan called for

removal of samples from three trees each from four
species, because some of the samples from the original
three trees were spoiled during refrigerator storage, an
additional two trees were sampled from each species.

The

species used in this study were loblolly pine (Pirns
taeda L.), longleaf pine (P. palustris Mill.), slash
pine (P. elliottii Engelm.), and shortleaf pine (P.
echinata Mill.).

All of these trees were cut either

from the Lee Memorial Forest in Washington Parish, Loui
siana, or from the adjacent land of Crown Zellerbach
Corporation.
The wood samples used for permeability determination
consisted of cylindrical dowels, 3/8 inch in diameter
and up to 2 inches in length.

These were cut with a plug-

cutter from the cross-sectional discs which were approx
imately 2 inches thick.

The dowels were cut so that the

grain ran as nearly parallel to the longitudinal axis of
the sample as possible.

The feed speed of the cutter

was kept to a minimum to ensure a smooth finish on the
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dowel.

A light sanding was applied to those dowels which

had torn or fuzzy surfaces.

The dowels were cut from the

\

discs as soon as possible after felling the trees, and
Immediately after cutting they were placed In bottles
for refrigerator storage until needed.

The distance of

each sample dowel from the pith center of the disc and
the age by ring count of the center growth ring of each
dowel were recorded.
For testing purposes, the moisture content of the
samples had to be controlled.

This was done by placing

the specimens over saturated salt solutions in closed jars
at controlled temperature.

Screw-top jars of approx

imately one-gallon capacity were used and were maintained
at a uniform temperature In a thermostatically controlled
constant temperature chamber.
To assure that an equilibrium moisture content had
been achieved over a particular salt solution, the
weights of several samples were monitored until a con
stant weight was reached.

A final check was achieved

through subsequent weighing before and after ovendrying of some or all of the samples in any particular
group.

The oven-drying was not resorted to until all

permeability measurements had been made on any particular
sample, so in some cases the moisture content had to be
inferred from the moisture content of other samples in
the same batch.

Weighing of samples and holders before
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and after testing, checked on the loss of weight during
testing, and weighing subsequent to oven-drying provided
information for specific gravity estimation.
The following chemicals were used for controlling'
moisture content of samples.
Chemical

Water
Potassium chromate
Sodium bromide

Relative
Humidity

Temperature

(Percent)

(°C)

100
86
54

35
35
35

Expected
Moisture
Content ~
(Percent)
28
18
9

For most of the samples, however, the conditioning
was carried out in the. constant temperature and humidity
cabinet to which the permeability apparatus was attached.
Permeability apparatus
The simple apparatus used for determining the perme
ability of 3/8-inch diameter wood dowels is illustrated
in Figure 1.

The specimen holder consisted of a bottle,

with rubber stopper, into which was fitted a glass tube
connected to the vacuum system and a glass tube to which
the sample was attached.

The outside end of this second

tube was connected to the bank of flowmeters.

The speci

men was in a fitting tygon plastic tube, and enough pres
sure was applied to prevent leakage of air between the
sample and the tygon by tightening one to several
alligator clamps whose pressure was distributed by an
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Figure 1.

Schematic diagram of permeability apparatus.
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outer tube of red rubber.
The bank of flowmeters contained three RGI flow
meters, sizes 1, 2, and 3* which were connected In
parallel to the specimen holder.

Clamps were so arranged

that only one flowmeter was operating at a time.

The

outer end of the bank of flowmeters opened to the atmos
phere through a U-tube containing drierite for removal of
atmospheric moisture.

Drierite is an indicating des-

iccant which changes color with changes in the amount of
moisture held by it.
A vacuum control was inserted on the other side of
the specimen holder to control the maximum absolute
vacuum which could be applied to one side of the specimen
from the vacuum pump and reservoir.

A mercury manometer

was used to determine the pressure drop across the
sample, and a mercury barometer was used to record the
atmospheric pressure at the time of testing.
The specimen holder and bank of flowmeters were
enclosed in a plywood box in which the temperature could
be controlled to within plus or minus 2°C.

This box also

had a suitably located glass observation window so that
the flowmeters could be read.

For part of the study the

box was connected to the constant temperature cabinet
used for conditioning some of the samples.

A small

blower was used to blow humidified air into the perme
ability box and raise the humidity to the same as that
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in the cabinet.

When this was operating, the drying tube

at the intake end of the flowmeters was disconnected,

in

this way, it was possible to pass air through the perme
ability samples at the same temperature and relative
humidity as that at which they had previously been con
ditioned.
One of the preliminary problems which had to be over
come was the problem of stopping leakage around the per
meability sample.

In the early stages it was necessary

to place the sample in the holder, read the flowmeter
and mercury manometer, then remove the holder and tighten
the clamps, replace it and take a second reading.

If

the second reading compared favorably with the first,
the sample was considered to be properly mounted in the
holder and to be free of superfluous flow.

Later in the

study, it was found possible to detect if the sample was
insufficiently tight in its holder by the fact that, as
higher pressure differentials were applied, the flow
rate was out of all proportion to the flow rate at low
pressure differential.

This was only found in a few

instances when the specimen holder was reinserted with
out tightening more than finger tight.

These case's

were easy to detect in examining the results of the
tests.

Determination of permeability
Permeability of samples was determined at pressure
differentials of 75 cms of mercury or below.

This

allowed the construction of an apparatus that did not have
to withstand an internal pressure in excess of that of
the atmosphere.

Low air velocities could be used thus

reducing the likelihood of excessive deviations from the
Darcy relationship which is only satisfactory within the
laminar or streamline regime, in which:
Q = KaA(P!-P2 ) / L ....................

3.1

In this.equation, Q is the flow in unit time, Ka is the
permeability to air, A is the cross-sectional area of the
sample, L is the length of the sample, and (P^-Pg) Is the
pressure drop or differential across the sample.
Allowing for the viscosity of air, the formula
becomes:
Q = (KA(P!-P2 ))/«|L

. . . . . . . . .

3.2

where K is the specific permeability, which should be
constant for different fluids, and «| is the viscosity
of the permeating fluid.

Since the fluid used in this

case is a gas, the above formula converts to:
Q = (KAfPj-PgJp)/*! LPX

. ^ ..........

3.3

This formula is equivalent to formula 2.5 and it assumes
that the volume of flow is measured at pressure P^, and
p is the average pressure of the gas passing through the
sample.

The above formulae were used as the basis for

calculating the permeability to air of the dowel samples
of wood.

Because of the repetitious nature of the cal

culations involved, all calculations of permeability were
made with the aid of an electronic computer system, for
which a suitable program was written.
Plow of air was not directly readable from the flow
meters.

These are each calibrated in the factory from 0

to 100, and under standard conditions (i.e., 70°P and 1
atmosphere) the corresponding flow may be read from the
charts provided by the manufacturers.
milliliters per minute.

This flow is in

However, for nonstandard condi

tions, corrections become necessary where precise values
are desired and where sufficient deviations from standard
conditions result in considerable differences in flow
meter readings.
For a single flowmeter, the corrections applicable
to yield proper readings of flow for given positions of
the floating ball are dependent upon the viscosity of the
gas (or liquid) whose flow is measured and on the density
of the gas or liquid.

In the case of air the viscosity

between 70°P (21°C) and 100°P (39°C), at which most of
the determinations were carried out, changes of the order
of 5# (from .01808 cp at 20°C to .01904 cp at 40°C) occur
(Perry 1950).

The density of the air, on the other hand,

varies according to three factors: temperature, pressure,
and relative humidity.

The formula used for the
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determination of air density isj
D = .00046464/F - .0378(h)(HgJ7 . . . .

3.4

where D is the density of air in grams per milliliter*
P is the atmospheric pressure in millimeters of mercury*
h is the relative vapor pressure* hs is the saturation
vapor pressure in millimeters of mercury* and T is the
temperature in degrees absolute (Hodgman 1946).

Now* the

relative vapor pressure was maintained between .64 and
.72 in the testing chamber except when the effect of
moisture content was being tested.

However* at any re

lative humidity below the upper level used, the effect of
c

humidity was small, since the term .0378(h) (hs) was in
variably small compared to P the atmospheric pressure.
Atmospheric pressure and temperature, on the other hand,
were both responsible (within the range considered) for
a reasonable amount of variation in the density of air
(Figure 2).
In order to determine the effect of this amount of
variation in the density of air, the flowmeters were each
calibrated for two values of air density corresponding to
the extreme low and high values encountered in experi
mentation.

These values were .00111 gm per ml and

.00117 gm per ml corresponding to 750 mm pressure and
40°C* and 780 mm pressure and 37°C, respectively.

For

each flowmeter* and for several values of R (the per
centage change in diameter of the flowmeter bore) a series

1175
1170
37

DENSITY

OF AIR

(GMS X 10

per ML)

1165
1160
40°

1155
1150
1145
1140
1135
1130
1125
D = .00046464# - .0378(h)(hs)J

1120
1115

1110

750

760
PRESSURE

Figure 2.

770

780

(MM MERCURY)

Density of air versus atmospheric pressure and temperature at relative vapor pressure =.64.

of Stokes numbers was calculated at each density using a
value for viscosity of .019 cp.

For each Stokes value,

a value Cr was either calculated (Gilmont and Maurer
1961) or read from a correction chart provided with the
flowmeter, and this was subsequently used in determining
the volume of air flow for given values of R.

The values

obtained from this procedure were then compared with
those obtained from the calibration charts provided for
each flowmeter.

This comparison is displayed in Table 1.

Copies of the flowmeter calibration charts and of the
correction chart are included in the appendix.
It was found that, within the range of temperature,
humidity, and pressure under consideration, the maximum
deviation from the correct reading due to ignoring
density variations is 2.63 percent.

However, over much

of the range of the flowmeters, the precision to which
the calibration charts provided with the flowmeters can
be read is less than the error provided by ignoring the
density.
Additionally, it was found that there were portions
of the scales of the flowmeters which consistently gave
readings which did not compare favorably with other
readings in the same determination.

Changing from one

flowmeter to another was found to result in a consistent
indication that the use of one flowmeter for a single
determination was desirable for good results.

The
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Table 1.

Flowmeter readings as affected by density of
air

Flow
meter

1

1
5
10
15
20
25

2

1
5
10
15
20
25

3

1
5
10
15
20
25

Density
=.00111

Density
=.00117

Diff
erence

Diff
erence

ml/mln

mi/min

ml/mln

percent ml/min

.182
10.39
56.58
121.1
194.0
275.6
3.02
165.7
552.9
1013
1484
1975
46.6
1513
4169
6992
9769
12783

.182
10.39
57.62
121.8
194.2
270.6.
- .3.03.
161.4
548.0
?|7
1465
1923
46.6
4l44

6851
9571
12522

0
0
1.04
0.7
0.2
5.0

0
0
1.84
.58
.10
1.81

.01
4.3
4.9
26
19
52

.33
2.60
.89
2.6
1.28
2.63

0
1^
55
141
198
261

0
,93
1.32
2.02
2.03
2.04

From
Chart

0
11
58
128
199
272
na £

80
520
1000
1470
1950
NA
1500
4050
6950
9600
12400

1/ R is the percentage change in diameter of flowmeter
ball at a particular position in the flowmeter
%/ NA indicates that the flowmeter chart could not pro
vide a flow reading at this position of the ball

specific formula used to determine permeability for a
single observation is:
bsp a (12.667QP1L)/ (AA p p ) ............

3.5

where Q is the flow rate in milliliters per minute, p-j^ is
the atmospheric pressure in millimeters of mercury, L is
the length of the sample in centimeters, A is the area
of the sample cross section in square centimeters, p is
the pressure drop across the sample in millimeters of
mercury and p is the average pressure of the air in the
sample.

Then bSp is the permeability of the sample in

darcys.

Since there was found to be a fair amount of va

riation between values for permeability determined at
different pressure drops, it was decided to calculate a
mean permeability over a series of readings.

The formula

used for the determination of the mean permeability is:
Bsp = (12.667L/A)( ^ Q P o / A p J / ^ p )

...

3.6

The mean values for permeability calculated in the
above way were used in the comparisons between samples
representing various treatments.
It should be noted, at this point, that the varia
bility between determinations of permeability at differ
ent pressure drops is at least partly systematic, since
the apparent permeability in a single sample varies
with the reciprocal mean pressure.

In this study it was

not possible to vary the pressure differential and at the
same time hold the reciprocal mean pressure constant,
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since the pressure at the intake side of the samples was
invariably equal to atmospheric pressure.

Since, however,

the determination of the relationship of apparent per
meability to reciprocal mean pressure was not feasible for
all determinations of sample permeability, and the range
of pressure drops used was similar in all cases, the use
of the mean permeability from formula 3*6 was adhered to,
except where otherwise noted.
Treatments applied to samples
In the preliminary phase of the study, it was found
that obtaining constant flow at a steady pressure drop
was not possible when the sample was at a moisture con
tent of about 20 percent, and the air used in the deter
mination was dried by passing through a drying agent such
as drierite.

This, or course, was due to the rapidity

with which the sample dried out and the fact that per
meability varies with moisture content.

This observation

led to the necessity of conditioning the samples to a
standard moisture content corresponding to the relative
vapor pressure of the air that was to be passed through
during testing.
Since the variation in permeability with moisture
content was greatest at low moisture content and least
at high moisture content, it was decided to test samples
at as high a moisture content as could conveniently be

maintained in the conditioning chamber and in the perme
ability box.

Therefore, all samples, other than those

intentionally tested under different conditions, were
tested at 60 percent relative humidity and 105°F corres
ponding to an equilibrium moisture content of about 10
percent.

After any particular treatment had been applied

to wood samples, they were normally brought back to a
stable moisture content by placing in the constant
temperature and humidity chamber for a period of at least
two days.
The treatments which were applied to the wood samples
to modify their permeability were as follows:
1.

Control - no treatment,

2.

Steaming at atmospheric pressure for a
period of ten minutes^

3*

Extraction with alcohol-benzene mixture
for four hours,

4.

Extraction with hot water for four hours,

5.

Extraction with alcohol-benzene mixture
for four hours followed by extraction with
hot water for four hours.

Treatments 2, 3, and 4.were repeated after determination
of permeability, and in all cases, permeability was deter
mined between repeated treatments.

Weighing of samples

at an equilibrium moisture content of 10 percent was
also carried out before and after treatments to determine
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the weight change associated with the particular treat
ment.
An additional series of soaking treatments was carried
out, in order to try to determine the extent to which the
permeability changes are affected by the surface tension
of the solvent which is dried out of a sample.

In this

case, the samples were simply saturated for a period of a
few hours in either water, water-alcohol mixtures, or
other solvents.

On removal from the solvents the samples

were dried to the testing equilibrium moisture content
and their permeability then measured.
In all cases, the samples were assigned from the
available pool In a random fashion, so that statistical
procedures could be used as an aid to interpretation of
the results.

RESULTS AND DISCUSSION
Conditions of testing
Examination of equation 3»5 (page 49) will reveal
that there are several variables which may affect the flow
rate in a given sample of wood.

These are p^, the pres

sure at which the flow rate is measured, the same as at
mospheric pressures L, the length of the samples A, the
area of the sample cross sectionjAp, the pressure drop .
across the samples and p, the average pressure of the
air in the sample.

Another variable, which does not

appear in this equation but was held constant for the
tests by controlling the temperature, is the viscosity of
air.
Of the above variables, because of the necessity of
cutting samples with a 3/8-inch diameter plug cutter,
the cross-sectional area was also held constant at .7123
square centimeters.
Atmospheric pressure varied, generally from a low
near 750 mm of mercury to a high of near 770 m m of
mercury.

This was measured at intervals of about fifteen

minutes during permeability measurements.

However, in

actual fact, the error which might have been introduced
by assuming the pressure to be standard at 760 mm of
53
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mercury would have been small In all cases.
The length of the sample, L, was one factor which was
considered to be in need of investigation, since it was
felt that as short a sample as would give satisfactory
measures of permeability should be used, especially in the
case of relatively impermeable samples.

A highly imper

meable sample of, say, 2 cm length might display no read
ing on the flowmeter, whereas if its length were .5 cm
a low but definite reading might result, so that instead
of recording a permeability of zero, a definite value
greater than zero might be recorded.

However, it was

believed that there would be a definite minimum length
that would give readings relatively unaffected by the
frequency of cells severed at the ends of the samples.
The permeability of ten loblolly pine sapwood
samples of 2.5 cm in length was measured.

Then the

samples were cut to successively shorter lengths, and at
each new length, permeability was again measured.

Figure

3 and Table 2 show the results obtained, and the analysis
of variance of these results is presented in Table 3.
At all lengths greater than 0.5 cm, the value for
permeability ranged between .573 and .495 darcy, where
as at a length of 0.5 cm, the permeability reached .610
and at a length of 0.25 cm the permeability reached
.839 darcy.

The set of orthogonal comparisons in Table

3 indicates that at about length 4 or 5, or about 1.0
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Apparent permeability as affected by sample length.

Table 2.

Measured permeability of samples cut to different lengths

"' '' I
Sample length (cm) .25

'

2
.50

1

3
.75

_

.¥

..

1.90

5
1.29

b
1.50

.64
.59
.60

•I1
.69
•53

.56
.61
.54

■y
1.75

8
2.00

—

9
2.25

10
2.50

.64
.59
.49
.52
.27
.61
.40
.52
.41
.58

.60
.59
.47
.58
.64
.45
.50
.41
.57

.501

.516

Sample No.
1
2
3

i

5
6
7
8
9
10
Mean

.95
.93
.86
.84
.62
1.04
.63
.72
.91
.89
.839

.69
.56
.57

.45
.67
.52
•?2
.40
.62

.*^1
.76
.49
.52
.80
.71

.65
.42
.53
.79
.53

:§
.67
.31
.49
.60
.50

.71
.35
•31
.65
.56

:»■
.80
.36
.52
.50
.49

.46
.47
.50

.65
.61
.46
.49.26
.63
.37
.53
.45
.56

.610

.573

.541

.558

.533

.495

.501

•I1
.60
,53-

ill

:S

\JI

CT\
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Table 3.

Analysis of variance, initial permeability
as affected by sample length

Source

d:.f.

Sum of
squares

Total

99

2.177939

Length
1
2
3
4
5
6
7
8
9

vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.

Sample
Error
*
**
NS

9
2-10
3-10
4-10
5-10
6-10
7-10
8-10
9 & 10
10
■

1
1
1
1
1
1
l
1
1
9
81

Mean
square

F ratio

.94019

.10447

24.71**

.822649
.060500
.023660
.004734
.019521
.006844
.001020
.000282
.000845

.822649
.060500
.023660
.004734
.019521
.006844
.001020
.000282
.000845

.89525

.09947

.342499

.004228

194
**
14.31**
5.59*1.12NS
4.62*
1.62NS
<1
NS
<1
NS
<1
NS
23.53:**

Significant at the 0.05 level of probability
Significant at the 0.01 level of probability
Not significant
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to 1.25 cm* permeability readings became significantly
higher than the mean of readings at longer lengths.
It seems apparent, therefore, that sample lengths
shorter than about 1.5 cm should be avoided as far as
possible in order to reduce the end effect brought about
by increasing the relative number of tracheids cut
either once or twice to such an extent that high perme
ability values are recorded.
Although the tracheid length in these samples was not
recorded, the average length of the cells in these
samples was probably of the order of 4 to 5

(Brown et

al. 19^9)9 and probably there were very few tracheids
shorter than about 2 mm in length.

This means that the

samples when cut to .25 cm probably contained very few
cells that had not been severed in two places.

.At a

sample length of about .5 cm a proportion of the longer
tracheids were probably severed twice, while at a length
of .75 cm very few cells would be severed twice.

Using

these figures it is quite reasonable to suppose that
the quite abrupt rise in measured permeability after the
samples were shortened from .5 cm to .25 cm was due to
the abrupt increase in the number of cells severed in two
places.

The less obvious, but yet measurable, rise in

apparent permeability in shortening the samples from
1.5 cm is attributable firstly to the rapid rise in the
proportion of cells severed once compared to the total

number of cells and secondly to the slowly increasing
number of cells severed twice.

These results tend to con

firm the dependence of permeability in wood upon the ease
of flow movement from cell to cell, rather than on the
flow movement within the cell.
Except where otherwise avoidable, the sample lengths
in other phases of this project were 1.50 cm or greater,
so as to avoid the bias inherent in using short samples.
It is also of considerable interest to examine the
effect upon measured permeability of using different
pressure drops (or pressure differences) across the
samples, in view of the observations of Klinkeriberg (1941)
that observed gas permeability is proportional to reci
procal mean pressure.
In this study, since the pressure at the inlet end
of the specimen (p^) was equal to atmospheric pressure
and was equal to the pressure at which the flow was
measured, it was not possible to separate the effects of
pressure drop and mean pressure.

Since:

p = Px - A p / 2 ................. . . .

4.1

then for a single value of p, assuming constant atmos
pheric pressure (p i ), the value of A p is constant.
Now, if Klinkenberg1s relationship holds true, then for
this study the relationship between the adjusted flow
rate (Qa(jj) and the pressure drop will not be described
by a straight line passing through the origin, as would
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be found if molecular slip were nonexistent, but will
describe a slight curve convex to the pressure drop axis.
The adjusted flow rate is given by the following equation:
Qadj * ^ pl / P .........................
^*2
where Q is the measured flow at a particular value of
pressure drop.
Several samples were measured with great care and
accuracy, so as to avoid as far as possible any systematic
errors in operation of the permeability apparatus.

The

samples were measured at about sixteen different values
of pressure drop from near the maximum attainable with
the apparatus (750 mm) to a low value which still gave a
measurable reading for flow on the flowmeter.

In most

cases a near straight line was described between the ad
justed flow rate and the pressure drop.

The plot of cal

culated permeability at different values of pressure drop
against the reciprocal mean pressure revealed that, at
higher flow rates, the permeability was in fact propor
tional to reciprocal mean pressure, but that at lower
flow rates considerable deviations from the straight line
relationship frequently occurred.

Examination of the

calculations revealed the treason for these extensive
deviations from the straight line relationship.

If, for

example at a low pressure drop, a flow rate of 1 ml per
min yielded a calculated permeability of .4 darcy, a
second reading of 2 ml per minute at the same pressure
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drop would yield a calculated permeability of .8 darcy or
exactly twice that of the first reading.

Now, at the

lower end of the smallest flowmeter between a reading of
0 and 10, there are several places where readings would be
converted into an approximation to the nearest half
milliliter per min, and this approximation would carry with
it the sort of penalty that was noted above, and thus
create an illusion of considerable variation in perme
ability when in actual fact the illusion is created by the
error in reading the flowmeter at low flow rates.
Tables 4 to 6 and Figures 4 and 5 illustrate a sample
that was done with the greatest of care.

This sample

yielded a strong indication that the Klinkenberg effect
holds true in this type of wood.

The straight line re

lationship between adjusted flow rate and pressure drop is
significantly different in slope from the line passing
through the origin-which would be described had the per
meability of the sample been constant at all values of
pressure drop.

The plots of adjusted flow rate describe

a gentle curve convex to the pressure drop axis.

The

linear relationship between adjusted flow rate and pres
sure drop has a slope of .3014 and confidence limits
around this for the 5 percent level of probability extend
from .2932 to .3096.

The slope of the line drawn through

the origin which represents the adjusted flow, assuming
a constant permeability equal to the mean of the
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Table 4.

Pressure
drop

mm

Flow and permeability date from single sample
at different pressure drops

Flow

ml/min

745

114

704

112
110

688
664
620
561

110
106
102
99

§55
385
359
292
246
197
155
117
65

§2
80

Adjusted
flow

ml/min
224
209
196
202

180

76

162
150
132
107
100

66

82

57
47
39
30
16.5

68
32
17

Permeability

darcys
.4019
.3967
.3936
.3910
.3863
.3853
.3879
.3856
.3717
.3702
.3736
•3£9i
.3698
.3740
.3707
.3538

Reciprocal
mean
pressure
mm"'1,
.0026
.00247
.00233
.00242
.00224
.00210
.00201

.00189
.00177
.00173
.00164

.00158
.00152
.00147
.00143

.00138
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Table 5*

Analysis of variance, regression of adjusted
flow on pressure drop

Source

d.f.

Sum of
squares

Total

15

70,774

1

70,614

14

160

Regression
Devs, from reg.

Mean
square

70,614

P ratio

6,178**

11.43

** Significant at the 0.01 level of probability
- Prediction equation: Qadj = -5.092 + .3014 p
Confidence limits around b = .3014 + (t)(/Il.43/ x2)
or .2932 to .3096
'
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Table 6.

Analysis of variance, regression of apparent
permeability on reciprocal mean pressure

d.f.

Sum of
squares

15

.00246359

1

.00214161

.00214161

Devs, from reg. 14

.00032198

.000023

Source
Total
Regression

**

Mean
square

F ratio

Significant at the 0.01 level of probability
Prediction equation: K = .3238 + .2943 (1/p)

93.1**

2501-

• Q (measured)
. ° Q (adjusted)

slope= .3014
-

200

slope =
.2894

150

100
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50
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Flow of air and adjusted flow through sample at diff
erent pressure drops.
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APPARENT

PERMEABILITY

(DARCYS)

.4

.2

.1

0

0

.0005

.0010

RECIPROCAL MEAN PRESSURE
Figure 5.

.0015
(MM~1)

.0020

.0025

1/p

Apparent gas permeability as related to,reciprocal mean
pressure.

measured permeability, is .2894.

Since the slope of the

line drawn through the origin is outside the confidence
limits around the linear regression coefficient, these
slopes are significantly different, and adjusted flow
may not be described by a straight line passing through
the origin.
The linear regression of observed permeability on
reciprocal mean pressure was calculated (Table 6) and was
found to be significant.

It therefore appears that Klin-

kenberg's observations hold for this material, and that
air permeability may very well be used to -estimate liquid
permeability through the Klinkenberg relationship:
KX = Ka/(1 + b / p ) ...................
where

4.3

is the specific permeability to liquids, Ka is

the measured permeability to a gas, p is the average
pressure, and b is the slope of the line.
illustrated, since the value for

In the case

is identical with the

point at which the line cuts the ordinate,

is equal

to .3238 darcys.
This example was described in some detail.

It was

not possible to take as much care as was expended in this
case in obtaining permeability values for a large number
of samples.

Therefore, the slope of the regression of

permeability on reciprocal mean pressure was not calcu
lated for all samples.

For comparative purposes all

samples were measured at three values of pressure drop
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'between the maximum obtainable, and a pressure drop which
gave a definite flow reading.

The average of these three

values was used in all the tables involving comparison.
Another factor that affects the results obtained
with a given sample of wood is the moisture content at
which it is tested.

This will be dealt with in the next

section.
Effect of moisture content
Since it was known from previous work that the capil
lary structure of the wood, and consequently its perme
ability, is affected by moisture content, it was intended
to investigate its effect in this study.

Originally, it

was intended to condition different samples in a series
of steps to different moisture contents and to measure
the permeability at each step in the process.

Early work

with.the prelimina.ry samples quickly revealed that with
the resources available to the investigator this plan
would not be capable of satisfactory completion.

It

appears that in the past investigators merely conditioned
their samples to a predetermined moisture content and
then read the flow reading very rapidly while passing
through a dry gas.

This appears to suffer from the draw

back that the dry gas passing through will dry out the
wood at the same time as the flowmeter reading is being
made, and therefore a steadily increasing reading would
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be obtained.
This was found to be the case when Initial attempts
to measure permeability were made using dry air.

It was

found that, by the time the vacuum on the outlet side
had built up to a satisfactory level, the flow reading
was already increasing rapidly.

In order to check this

situation two samples were carried through a series of
permeability tests in which they were conditioned to a
high moisture content, placed in the permeability appa
ratus, and dry air passed through.

Immediately after ob

taining a flow reading (and the corresponding manometer
readings) the sample was removed from the apparatus and
weighed.

In this way, a series of values was obtained for

these samples which corresponded to certain moisture con
tents of the wood.

After allowing the samples to be

dried by the passing air till no further increase in flow
or decrease in weight was observed, the samples were
returned to the conditioning chamber and allowed to re
gain their initial moisture content.

This cycle was re

peated several times, after which the samples were ovendried and weighed.
The results for one sample are tabulated in Table 7
and diagrammed in Figure 6.
with the second sample.

A similar pattern was found

At moisture contents above 80

percent the measured permeability remained about the
same even after many drying cycles, but with successive

Table 7.

Apparent permeability and moisture content
during successive drying cycles

Cycle Read- Moisture Perme- Cycle Read- Moisture Permeno. ing
content ability no. ing
content ability
no.
no.
percent

II

24.30

.0011

1

2

13.80

2

I

6.67
1.39
0.97

.0065
.0253

1

0.72

1
2

27.34
20.59
1§ ,8°
5*2o
2.36
1.05
25.27
20.89
20.84
16.88
11.05

1
7

1
2
I
I

l - M
1

d11
IV

percent

1

1

III

darcys

1
2

5.40
3.25
2.36
0.55
25.95

23.00

7

19.32
16.29
13.71
9.62
7.30

8

5.02

9
10

3.92
22.74

11
12

2.11

2
1

0.00

.0506

I

.0*
.05'
.0003
.0034
.0264
.0506
.0754
.0969
.1042
.0017
.0079
.0124
.0264
.0721
.1042
.1173
.3.297
.1428
.1535
.3.693
.0028
.0067

1

7

8

VI

1

2

i
1
VII

7
1
2
1

1
VIII

1

2
I

.0208

1

.0405
.0619
.1041
.1211

IX

7
1
2

X

5
1

a?28
.1456
.2185
.2430

2

25.02
20.25
15.3.9

8:18

2.49
1.27
0.84
25.78
18.99

11.10
6.16
3.67
1.52

darcys

.0028
.0145
.0570
.2290
.3097
.3495

.361J
.0019
.0259
.2066
.3593
.4052

1.18
24.51
18.69
9.70
4.30
2.45
1.39
25.70
21.81
17.13

11.86
7.09
3.38
1.81
25.23
20.42
15.27
7.51

0.80

26.03
22.78

16.88
6.96

.0038
.0036
.5031
.5214
.0019
.0121
.0769
.2823
.4869

.5661
.5574
.0050
.0248
.1284
■ M

.0011
.0082
.0981
.6002

71

PERMEABILITY

(DARCYS)

7

VI

.4

.3

2

Ill ^

.1

o0

r>

5

10
MOISTURE CONTENT

Figure-6.

15

20

(PERCENT)

Apparent permeability as affected by moisture content
during successive drying cycles.

25

72
drying cycles, the permeability became steadily and in
creasingly greater, until after about the tenth cycle,
after which successive drying and reconditioning had
little effect.

The ever-increasing nature of this pheno

menon is hard to explain.

It is reasonable to suppose

that as the wood dries, the minute openings which control
flow may change their size, or that some new openings will
occur.

However, on each occasion that the samples were

dried an irreversible change in the capillary structure
took place.

One possible explanation for this is that,

as the wood dries, minute checks develop in the cell wall,
and these checks are capable of contributing to flow at
low moisture content and act as transient capillaries in
the cell wall, but at higher moisture content the checks
are not effective.

The result is a vast increase in per

meability at lower moisture content every Jiime the wood
dries to any great"extent, but little change in perme
ability at higher moisture content.

This explanation

tends to support the theory of Tiemann (1910) who believed
that the permeability of wood was brought about by the
development of minute checks in the cellv/wall.

However,

he believed that, prior to the development of such checks,
it was not possible to cause air to pass through wood
under any pressure.

Bailey (1913a) showed quite convin

cingly that Tiemann's theory was not adequate to explain
the permeability phenomena of wood.

However, checks have
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been demonstrated in the cell walls of wood that has been
drastically dried, and the possibility does remain that
these do to some extent affect the permeability of wood at
least at lower moisture contents.
Further investigation of this drying effect was made
using samples which had been conditioned to certain mois
ture contents over saturated salt solutions.

These tests

were designed to determine:
1.

if some increase in permeability of a
permanent nature occurred without drying
as drastically as in the permeability
apparatus;

2.

if the permeability at different moisture
contents was the same when drying as when
wetting.

.

Three samples of loblolly heartwood were first con
ditioned over water, their permeability measured, and
immediately the samples were weighed.

Subsequently they

were conditioned over potassium chromate, measured and
weighed; then over sodium bromide, measured and weighed.
The samples were taken through two cycles back up to a
high moisture content over water and then down again to
near 7 percent over sodium bromide.

From there the

samples were allowed to dry by passing through the dry
air, and then reconditioned again over salt solutions.
The results are tabulated in Table 8, and Figure 7

Table 8.

Apparent permeability and moisture content during interrupted
drying cycles
Sample no. 1
Moisture Perme
ability
content

Conditioned
over

percent
Water (A)
Pot. chromate (B)
Sod. bromide (C)
B
A
B
C
B
A
B
C
\

C
B
A

/

27.50
17.13
6.31
16.53
26.95
16.43
7.23
16.31
26.71
16.03
6.20
4.36
1.43
0.71
6.56
16.53
26.02

darcys
.0003
.0071
.0340
.0081
.0003
.0069
.0329
.0063
.0001
.0060
.0362
.0453
.0653
.0707
.0637
.0156
.0004

Sample no. 2
Moisture Perme
ability
content
percent
27.73
17.59
7.03
16.62
26.92
16.72
7.41
16.02
27.04
17.05
6.91
4.03
1.91
O .83
7.31
17.15
26.50

Sample no. 3
Moisture Perme
ability
content

darcysl^ percent
.0012
.0091
.0413
.0090
.0013
.0083
.0387
.0084
.0010
.0093
.0380
.0593
.0728
.0741
.0620
.0171
.0009

27.91
17.52.
6.45
16.35
27.02
16.76
7.02
17.02
27.21
16.79
6.71
4.18
1.60
0.91
6.96
24.64

darcys
.0007
.0070
.0254
.0068
.0010
.0073
.0241
.0063
.0008
.0075
.0271
.0432
.0643
.0691
.0532
.0123
.0014
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illustrates the result obtained with one sample.
It will be noted that the permeability increased with
decreasing moisture content much as was found in the pre
vious experiment.

On rewetting the wood, however, from

near 7 percent the permeability returned to about the
same level as it had been at the same moisture content
during drying.

This held true until the wood was dried

below 6 percent, to near 1 percent.

After drying more

drastically, and then rewetting, the wood did not return
to the same permeability as it had while drying, but
showed a lag in regaining its original permeability until
after it was above about 17 percent moisture content again.
From this behavior, it may be concluded that the
irreversible effect of drying does not become significant
unless the wood is dried to some level below 6 percent
moisture content.

Drying by conditioning over suitable

saturated salt solutions down to near 6 percent moisture
content provided no noticeable increase in permeability
with successive cycles.
The lag in regaining the same permeability appears
similar to results found by Stamm (1935) in which the
pressure drop ratio on the absorption part of the cycle
of drying and wetting remained higher than it had been
on the moisture desorption side.

The permanent nature

of the effect on permeability was not commented on at
that time.

Neither was there any indication that the
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partial drying of wood resulted in significant changes
in permeability when measured at specific moisture
contents.
Once again, these results seem to indicate that some
capillaries are produced in the cell wall structure
through drastic drying, and that these capillaries be
come available for gaseous movement while the wood is at
low moisture content and remain available for a part of
the time during which the wood regains moisture.

How

ever,-above about 20 percent moisture content, and close
- to fiber saturation point, the capillaries are no longer
available for gaseous flow.

This indicates that the size

of these capillaries and of the finer pit-membrane pores
is small enough to condense water vapor below that vapor
pressure corresponding to 20 percent equilibrium mois
ture content thus reducing the rate of flow.

This is

explained by the Kelvin relationship which describes
the size of capillary which will condense water vapor at
different relative pressures (Stamm 1964).

However,

reconciliation of these capillaries with those involved
in the absorption-desorption hysteresis effect is
doubtful, since in the latter case there is no progres
sive change reported through a series of cycles.
It would appear that some disruptions of the cell
wall structure, such as checks, may be responsible for
this phenomenon.

On the other hand, the openings which
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are brought into existence by the drying may be in the pit
membrane rather than in the secondary cell wall.

Alter

natively, a modification in the size and nature of the
pit-membrane pores themselves may be involved.

A change

in the physical nature of the extraneous materials in the
cell lumens or pit apertures, a re-distribution„of these
materials, or a continual loss by evaporation of the more
volatile materials may be involved.
Permeability of the four southern pines
Prom the original three trees of each species which
were sampled, ten samples each from the heartwood and
sapwood were recovered from among those which were spoiled
by green staining in refrigerator storage.

These un

stained samples and ten samples from each zone of the two
additional trees of each species were included in the
analysis of spebies differences.
The summary of permeabilities by species and zones
is presented in Table 9» and the corresponding analysis
of variance in Table 10.

It will immediately be noted

that there is a considerable difference in degree of
permeability between heartwood and sapwood samples of all
species.

The mean sapwood permeability for all species

is 0.449^5 darcy, which is 34 times as great as the mean
heartwood permeability of 0.01325 darcy.

This difference

clearly overshadows the size of the differences between

Table 9*

Summary of initial permeability by species and zones

Tree
no.

No. of
samples

1
2
3
4
5

10
10
10
10
10

Mean

'

Loblollv
Sap
Heart

Longleaf
Sap
Heart

Slash
Heart
Sap

.000
.012
.003
.001
.004’

.453
.589
.504
.532
.564

.011
.028
.029
.019
.013

.349
.307
.344
.326
.310

.008
.019
.020
.001
.010

.452
.600
.533
.593
.603

.006
.025
.027
.011
.018

.368
.420
.395
.369
.378

.oo4

.5285

.020

.3272

.0116

.5562

.0174

.3860

. Shortleaf
Heart
Sap
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Table 10.

Analysis of variance, initial permeability

Source
Total

d.f.

Sum of
squares

Mean
square

399

24.839871

3

.819021

.273007

.17613

.011008

Species

16

Trees/species

F ratio

24.80**

Zones

1

19.027044

19.027044

1876.06**

Species X Zones

3

I.OI8506

.339502

33.47**

16

.147971

.009248

360

3.651199

.010142

Error
Sampling error

** Significant at the 0.01 level of probability
NS Not significant

<

<1

NS
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species averaged over both heartwood and sapwood.

The

means for species range from a low of 0.1736 darcy for
longleaf pine to a high of 0.2839 darcy for slash pine.
The difference between heartwood and sapwood is to be
expected from previous observations on the subject
(Erickson et al. 1937* cfrte and Krahmer 1962, Benvenuti
1963, Sebastian et al. 1965* Choong and Fogg 1968).

It

is clear that throughout all considerations of perme
ability in these species, the considerable difference in
permeability between heartwood and sapwood zones must be
kept in mind.
Explanations of the wide difference between heart
wood and sapwood depend either on the presence of large
amounts of extraneous substances in the heartwood cells,
or upon the observed closing or aspiration of the pit
apertures as a result of the displacement of the pit
membranes so as to partly or completely obliterate the
apertures as possible passageways for fluids to penetrate.
The presence of extraneous substances in the heartwood
cells may very well contribute to the reduction of per
meability both by their clogging action around the pit
Apertures, and also possibly by their tendency to act as
glues and thus hold the pit membranes securely in the
apertures after they have been displaced.

If the pre

sence of such extraneous substances in the heartwood
cells does account for all the differences in
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permeability between the two zones, it should be possible
by use of extractions to remove these materials and there
by cause heartwood to have substantially the same degree
/

of permeability as does sapwood.

This possibility is

examined elsewhere in this study.
An analysis of variance was calculated on the results
of this phase of the study (Table 10).

Examination of

this table shows highly significant differences between
species averaged across both sapwood and heartwood zones,
highly significant differences between zones averaged
across all species, and highly significant interaction
between species and zones.

In spite of the interaction,

which may be regarded as the failure of the differences
between species to be the same in both sapwood and heart
wood, which might very well be anticipated from the
tremendously large size of the sapwood values compared
to the heartwood values, there are still significant
differences between species.
Because of the minute nature of the sample of trees
of each species, the writer lays no claim to the dif
ferences between species detected here as being indi
cative of the situation throughout the range of the
species.

Such an assertion could only hinge on a vastly

more comprehensive sampling, not capable of being per
formed by an individual researcher except over a large
span of time.

However, it is of interest that among

the sampled trees taken from a small area of one parish,
there appear to he significant, if small, differences
between the four species.

Immediately, it becomes of

interest to see if these differences are explicable on the
basis of known anatomical or other features.
The features which were examined in these samples
and which might throw a light upon the differences in
permeability are specific gravity, ring width, and
summerwood percent.

A summary of the measurements of

these characteristics in these different species is pre
sented in Table 11.

There is no evidence that differ

ences in any of these measured characteristics are re
flected in differences in permeability of the different
species.

In a later section of this paper other results

having a bearing on the effect of specific gravity, ring
width, and summerwood percent will be discussed.
Heartwood versus sapwood
There proved to be a large difference between the per
meability of heartwood and sapwood in all species and
between all species (Tables 9 and 10).

The magnitude of

the difference ranged from 15.4 times in the case of
longleaf pine, to 190 times in the case of loblolly pine.
In slash pine the sapwood was 18.1 times as permeable as
the heartwood, and in shortleaf the sapwood was 19*9
times as permeable as the heartwood.

Within loblolly
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Table 11.

Mean specific gravity, ring width, and
springwood percent by species and zones

Species and Zone

Specific,
gravityi'

Ring
width

Springwood
percent

cm
Loblolly sapwood

.536

.554

50

Longleaf sapwood

.644

.265

48

Slash sapwood

.578

.325

47

Shortleaf sapwood

.563

.323

50

Loblolly heartwood

.692

.644

67

Longleaf heartwood

.670

.081

58

Slash heartwood

.724

.165

49

Shortleaf heartwood

.714

.279

51

3/unextracted specific gravity, estimated from oven dry
weight and green volume using calipers

pine the ratio of sapwood permeability to heartwood per
meability varied from 1178 to 98.7 for individual trees,
whereas among the other three species the ratio varied
from 593 to 9 .
The difference between heartwood and sapwood is a
phenomenon which has been reported many times.

The

reasons given for the difference depend upon the recog
nition of definite changes which occur during the for
mation of heartwood.

Heartwood is generally recognized

in many species by the color difference between it and
the sapwood.

This distinctive difference, however, may

not be used as the only criterion of heartwood differen
tiation.

The formation of incrustations on the interior

cell walls, the depositions of additional extractive
materials in the cells, and the death of Ahoy of the
parenchymatous cells in the wood are all associated with
the formation of heartwood.

In this study, the dis

tinction between heartwood and sapwood was made on the
basis of the pinkish hue that develops in the heartwood
region.

The fact that this actually did represent a

clear distinction in nearly all cases may be ascertained
from an appraisal of Table 12, in which it will be noted
that no overlap at all in permeability values occurred.
There was, however, one case in which heartwood samples
were found to have values for permeability approximately
the same as those found for sapwood.

In slash pine tree

Table 12.

Initial permeability of heartwood and sapwood

"
HEARTWOOD
Species Tree Tree Tree Tree Tree
no.l no.2 no.3 no.4 no.5

SAPWOOD
Tree Tree Tree Tree Tree

no.l no.2 no.3 no.4 no.5

Darcys
Loblolly QOO
.00
.00
.00
.00

.00
.00
.00
.00
.04

.00 .00
.00 .08
.00 .00
.00 .00
.00 .00

.00
.00
.01
.01
.00
.00
.00
.00
.00
.01

.00
.00
.01
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.02
.02
.00
.00
.00
.00

.40
.50
.59
.51
.27
.67
.40
•51
.34
.34

84
63
37
6l
24
6l
93
70
57
39

.30
.81
.51
.59
.45
.43
.67
.37
.48

.42

.48
.41
.83
.47
•75
.45
.71
.58
.47
.49

.40
.59
.59
.29
.83
.39
.86
.43

.52

Longleaf .00
.00
.00
.00
.01
.01
.07
.oo
.01
.01

.01
.06
.04
.02
.02
.04
.01
.04
.02
.02

,03
.01
.04
.04
.01
.05
.03
.02
.03
.03

.06
.01
.00
.00
.04
.00
.03
.02
.03
.00

.06
.01
.00
.00
.04
.02
.00
.00
.00
.00

.38
.45
.22
.27
.29
.16
.42
.49
.40
.41

35
34
31
36
30
14
30
30
36
31

.45
.35
.30
.31
.29
.30
.35
.37
.41
.31

.33
.38
•2S
.28
.32
.35
.29
.32
.33
.37

.40
.29
.27
.33
.23
•31
.34
.28
.32
.33

Slash

.01
.01
.00
.01
.00
.01
.00
.02
.oo
.02

.00
.02
.00
.02
.02
.03
.00
.01
.04
.04

.00
.03
.01
.00
.07
.o4
.02
.00
.01
.02

.01
.00
.00
.00
.00
.00
.00
.00
.00
.00

.01
.00
.00
.00
.00
.00
.01
.01
.02
.00

.35
.62
.34
.45
.48
.44
.48
.47
.46
.43

73
46
69
38
61
78
63
76
49
47

.41
.42
.47
.56
.63
.46
.72
.63
.53
.50

.52
.43
.70
.62
.54
.63
.59
.58
.63
.69

.60
.61
.57
.53
.73
.72
.52
.53
.65
.57

.02
.01
.00
.01
.00
.00
.00
.00

.01
.03
.01
.01
.04
.01
.06
.03

.01
.02
.05
.00
.05
.04
.02
.03
.01
.04

.01
.02
.03
.01
.01
.00
.01
.00
.01
.01

.00
.03
.04
.01
.02
.00
.02
.00
.04
.02

.26
.28
.22
.39
.43
•3?
.74
.22
.39
.4o

67
48
47
29
30
26
51
33
54
35

.29
.21
•?8
.47
.33
.39
.53
.50
.45
.40

.36
.45
•?6
.41
.20
.30
.37
.29
.41
.34

Shortleaf

.02 .02
.00 .03

.56
.30
.31
.45
.23
I$2
.27
*53
.34

number 1, three samples that were strongly colored pink
and appeared to the naked eye to be typical heartwood
samples had values of permeability about 100 times the per
meability of other heartwood samples.

(These samples were

not listed in Table 12, but are included in later analyses
where 25 samples per tree and zone were used.)

These

samples were examined in an effort to detect visible
irregularities that might account for this, but none were
found.

In this case, it appears that the coloring asso

ciated with heartwood formation had preceded the change
which is responsible for the drastic change in perme
ability.
One factor which is regarded as preeminent in bring
ing about a significant difference in the permeability of
these two zones is the extent to which the pit-membrane
pores become aspirated during drying.

It has long been

recognized that such aspiration takes place, and that it
occurs more extensively in the heartwood region than in
the sapwood region.

In this study, no attempt was made to

prevent the aspiration of the pits, arid so it might be
anticipated that the large difference between heartwood
and sapwood would be detected.

There have been reports'

of a steady difference in permeability within the sapwood associated with the distance either from the pith or
the cambium.

This has been attributed to differential

degree of pit aspiration at different radial positions.

The permeability of sapwood samples was therefore examined
to determine if there was any indication of an increase in
permeability from the inner portion of the sapwood to the
outer portion.

Correlation coefficients were calculated

to determine the degree of association of permeability of
samples with their measured distance from the pith center
of the section from which they were cut.

In individual

trees the correlation coefficients varied from a low value
of .0004 to a high value of .0762. These values are far
below the level that would be indicative of an appre
ciable correlation between these two variables.
This finding does not parallel that found by other
workers who have found that measured permeability in
creased from the innermost sapwood towards the periphery
of the tree.

Thomas (1967) examined the structure of the

pits in the sapwood of longleaf pine with the electron
microscope and found the inner sapwood to have a certain
degree of aspiration, not as great as that found in the
heartwood, but in excess of that found in the outer sapwood.

These observations were made on solvent-dried

samples in which additional aspiration after severing
from the standing tree was reduced to a minimum.

In the

present study, the samples were not dried from low sur
face tension solvents, and therefore, pit aspiration was
not controlled.

This factor may account for the failure

to reveal any trend in permeability in relation to distance
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from the center of the tree.
Specific gravitya springwood percent a and ring width
Measurements of specific gravity, springwood percent,
and ring width were made on 25 sapwood and 25 heartwood
samples from each of two trees of each species.

A series

of multiple regression analyses was calculated, using
initial permeability as the dependent variable and spe
cific gravity, springwood percent, and ring width as in
dependent variables, for each species and each zone
(heartwood and sapwood), with automatic deletion of the
least significant variable.

A summary of some of the

results of these analyses is included in Table 13.
In the eight regressions calculated, only in two
cases were variables found to be significant at the one
percent level of probability, and in four cases were
variables found to be significant at the five percent
level of probability.

Each of the independent variables

was found to be significant twice, and there appears to
be no semblance of order in the Sequence of deletion,
which would give an indication of detection of a
slightly consistent trend over all species and zones.
Because of the factors of aspiration, and modifi
cations to the wood in the process of heartwood forma
tion, it might be anticipated that there would be no
similarity between the behavior of samples from the two

Table 13.

Coefficients of determination for regressions of initial
permeability on specific gravity, springwood percent, and
ring width

Group

Initial First
deleted
R2
variable

Second
R2

Second
deleted
variable

Th|rd Remaining
variable

Loblolly, sap
Longleaf, sap
Slash, sap
Shortleaf, sap

.0707
.0973
.4044
.0974

Sp. Gr.
Spr. #
R. W.
R. W.

.0707
.0911
.3815
.0967

Spr. %
Sp. Gr.
Sp. Gr.**
Sp. Gr.

.0551
.0619
.1488
.0883

R. W.
R. W.
Spr. %**
Spr. %*

Loblolly, heart
Longleaf, heart
Slash, heart
Shortleaf, heart

.1586
.0718
.1500
.0762

Spr. #
Sp. Gr.
Sp. Gr.
R. W.

.1373
.0704
.1402
.0761

R. W.*
Spr. #
Spr. %
Spr. %

.0476
.0476
.0977
.0536

Sp. Gr.*
R. W.
R. W.*
Sp. Gr.

*
**

Significant at the 0.05 level of probability
Significant at the 0.01 level of probability

.

zones.

9i

However, by the same token, because these species

of southern pine are not readily separable on the basis
of constant differences in structure, one might expect
some degree of agreement between the species.
not found.

This was

However, it should be noted that six variables

significant out of 24 possible ones at the five percent
level does exceed the number that would be anticipated by
chance alone.

Therefore, it is reasonable to suppose that,

in the species and zones in which significant variables
were detected, real relationships were probably indicated.
Because of the nature of the sampling in this study,
large variation in the amount of springwood, the width •
of ring, and the specific gravity were not always present.
This was especially so in the case of longleaf heartwood,
and to a lesser extent in the case of longleaf sapwood.
In the case of this species, none of the variables was
found to be significant in either zone.

In the case of.

loblolly sapwood none of the variables was found to be
significant, as also in the case of shortleaf heart
wood.
Only in the case of slash sapwood and loblolly
heartwood was specific gravity found to be significant.
In both these cases, the amount of resin present ap
peared to be high, but not apparently any higher than
some of the other species and zones.

The specific gra

vity used in this study was unextracted, and thus

included the weight of the resin present.

Other studies,

particularly that of Benvenuti (1963)» found a relation
ship between the initial permeability of untreated
samples with specific gravity.

This relationship was an

inverse one wherein an increase in specific gravity was
associated with a decrease in permeability.

The presence

of large amounts:; of resins would be expected to further
reduce the permeability, and thus the inclusion of the
weight of resins in the specific gravity of wood samples
should emphasize the inverse relationship of permeability
to specific gravity, rather than mask it.

In six of

eight cases the correlation of specific gravity with per
meability was negative, as it was in the two cases when
specific gravity was significant.
Springwood percent is one way of estimating the
relative weight of samples, while at the same time ig
noring the presence of resins that affect the specific
gravity.

In this study, springwood percent was found to

be correlated with initial permeability in the cases of
slash and shortleaf sapwood.

In both cases the correla

tions were negative, as were also four of the nonsigni
ficant correlations.

This is somewhat contradictory.

If specific gravity ,were negatively correlated with per
meability, and specific gravity were negatively corre
lated with springwood percent, one would expect perme
ability to be positively correlated rather than
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negatively correlated with springwood percent.

Interes

tingly, in the case of slash sapwood both specific gravity
and springwood percent were negatively correlated with
permeability at the one percent level of probability.

It

would appear in this case that the presence of resin
overcomes the effect of specific gravity.

If a higher

resin content were associated with high springwood per
cent, this could account for the seeming contradiction.
Certainly in a wood with a high resin content, there is
more room available for storage of resin in the cells of
springwood than in the cells of summerwood.
In two cases, both heartwood, of loblolly and slash,
ring width was found to be significantly correlated with
permeability, one negatively and the other positively,
although among the nonsignificant correlations, five
were negative and one positive.

There is no ready ex

planation for this occurrence.

The presence of numerous

ring boundaries in a section might be expected to have
an effect in a species where the frequency of pitting
varies with position in the ring.

The smaller size of

the pits in the radial walls of the summerwood longitu
dinal tracheids is known (Brown et al. 1964), but the
overall size may be unrelated to the capacity of the
pits to permit fluid flow.
Since, in the untreated wood the resin canals are
thoroughly occluded with resin, no consideration was

given to the possibility of longitudinal resin canals
affecting the initial permeability in these species.
Treatment effects
Prom each of two trees of the four species, 25 sapwood samples and 25 heartwood samples were dried to 10
percent moisture content in the constant temperature and
humidity cabinet.

After determination of the initial

permeability of these samples, from within each group of
25, five samples were allocated randomly to five dif
ferent treatments.

These treatments were:

1.

Control (no modification attempted);

2.

Steaming (10-minute steaming at atmos
pheric pressure at three different times);

3.

Alcohol-benzene extraction (4-hour ex
traction in Soxhlet assembly with mix
ture of 33 percent ethyl alcohol and
67 percent benzene at three different
times);

4.

Hot-water extraction (4-hour extraction
in near-boiling water under a reflux
condenser at three different times);

5.

Alcohol-benzene and hot-water extraction
(4-hour extraction with alcohol-benzene
followed by 4-hour extraction with hot
water).
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After treating the samples once in treatments 2, 3» and 4,
the samples were returned to the conditioning chamber for
a period of 48 hours.

Their permeability was then mea

sured and their weight was determined (level 1).

The

process was repeated twice and determinations of perme
ability and weight made (levels 2 and 3).

Also, between

the two extractions in treatment 5* the samples were
weighed and their permeability determined.
Table 14 summarizes the permeability measurements
obtained.

An analysis of variance was calculated on the

initial permeability to determine if there were signi
ficant differences among the randomly allocated groups
before treatment (Table 15).

Since treatment effect

was not significant we may assume that there were no
differences in initial permeability before treatment.
Sampling only two trees from each species revealed no
significant difference between species, although when
five trees had been used, significant differences be
tween species were found.

The species-times-zones

interaction was significant initially, indicating the
need to compare species within each zone separately.
The changes in permeability are demonstrated in Figures
8 through 12, and the analyses of variance for the
three levels of treatment are in Tables 16 through 18.
These results indicate that hot-water extraction
provides the greatest improvement in permeability,

Table 14.
Species

Permeability by
Level

Treatment 2
In______________________ crease
darcys
SAPtfOOD
.546
Loblolly
0
1
.795
4-5.6
2
.75?
39.0
.764
39.6
3
Longleaf
0
1
l2§l
46.5
2
.435
32.2
.439
33.4
3
Slash
0
.541
1
.793
46.6
.701
2?.6
2
.726
34.2
3
Shortleaf
0
.409
1
.513 • 25.4
2
.457
28.9
.471
15.6
3
.456
All species 0
.646
41.7
1
2
.588
28.9
.600
31.6
3

, zones* and treatments
Treatment 3
Increase
darcys
#
•521
.827

.86

.87
.332
.613
.676
.689
.610
1.241
1.390
1.459
.378
.634
.614
.607
.460
.829

.886
.907

58.7
65.6
67.8
84.6
103.6
107.5
103.4
127.9
139.2
67.7
62.4
60.6
80.2
92.6
97.2

Treatment
Increase
darcys
.515
.835
.937
1.020
.347
.862
1.007
1.129
.612
1.294
1.641
1.787
.404
.625
.766
.865
.46?
.904
1.088
1.200

62.1
81.9
98.1
148.4
190.2
225.4
111.4
168.1
192.0
54.7
89.0
114.1
92.7
132.0
155.9

Treatment 5
Increase
darcys
£
.581
.800
.906

37.7
55.9

.345
.65?
.876

91.0
153.9

..660
1.102
1.467

67.O
122.3

.358
.599
.703

67.3
96.4

.486
.790
.988

62.6
103.3

(Continued)
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Table 14.

Species

(Continued).

Level

Treatment 2

Treatment 3
In

In

crease
darcys

darcys

.008
.048
.041
.042
.023
.068
.042
.048
.015
.042
.017
.023
.017
.042
.035
.026
.016
.050
.034
.035

.000
.052
.058
.057
.030
.122
.3-53
.166
.015
.114
.137
.150
.024
.09?
.io4
.119
.017
.097
.113
.123

HEARTWOOD

Loblolly"

0
1
2
3
Longleaf
0
1
2
3
Slash
0
1
2
3
Shortleaf
0
1
2
3
All species 0
1
2
3

500.0
412.5
450.0
195.7
82.6
108.7
180
13.3
53.3
147.0
105.9
52.9
212.5
112.5
118.7

Treatment 4

306.7
410
453.3
660.0
813.3
900.0
312.5
333.3
395.8
470.6
564.7
623.6

In

In

crease
crease
darcys
*
*
a/

Treatment 5

.001
3700
.038
8500
.086
.115 11400
.034
244.1
.117
229.4
.112
.154
352.9
.160
83.1
.293
94.4
.311
108.8
.334
.014
.062
342.9
.116
728.5
771.4
.122
.052
144.2
.127
200.0
.156
248.1
.181

darcys

crease
$

.003
.041 1260
.062 1967
.012
.098
716.7
.168 1300
.074
.226
.359

205.4
385.1

.028
.134
.265

378.6
846.4

.029
.125
.213

634.4

&/ Calculation of percent increase not possible because initial permeability
equalled zero
vo

-<]
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Table 15.

Analysis of variance, initial permeability:
Level 0

Source
Total
Species
Trees/Species

d.f.

Sum of
squares

399

28.922175
1.213433
.281218

Mean
square

F ratio

.404478
.070304

5.75 NS

1
4
3

19.298449
.068555
.821349

12

.255787

.021315

4

.065096

.016274

<1

NS

Sp. X Z. X Tr.

12

.179266

.014938

<1

NS

Error
Sampling Error

36
320

.724262
6.014759

.020118
.018796

Pooled Error

356

6.739021

.018930

Zones
Treatments^
Species X Zones
Species X
Treatments
Zones X
Treatments

y

101.947**
19.298449
<1
NS
.017139
14.463**
.273783 •
1.126NS

1.070NS

At this stage no treatments had been applied; hence
this is a test for initial differences among samples
randomly assigned to different treatments
** Significant at the 0.01 level of probability
NS Not significant

1.0

PERMEABILITY

(DARCYS)

loblolly
slash
SAPWOOD
0.5

shortleaf
longleaf

HEARTWOOD

0

1

2

LEVEL OF TREATMENT
Figure'8.

Effect of steaming on permeability.

100

slash

PERMEABILITY

(DARCYS)

SAPWOOD
loblolly

longleaf

shortleaf
0.5

slash

HEARTWOOD

longleaf
shortleaf

oo o

o-

loblolly .
LEVEL OF TREATMENT
Figure 9.

Effect of alcohol.-benzene extraction on permeability.

101

slash

1.5

longleaf
SAPWOOD

(DARCYS)

1.0
loblolly

PERMEABILITY

shortleaf

0.5

HEARTWOOD

0

1

i

longleaf

2

LEVEL OF TREATMENT
Figure 10.

Effect of hot water extraction on permeability.

o>o

slash

3

102

1.5

slash

1.0

^\

IAFW00D
loblolly

I

I

.ongleaf
H

shortleaf

w
P4
HEARTWOOD
slash
shortlea

ongleaf
r loblolly

LEVEL OF TREATMENT
Figure 11.

Effect of alcohol-benzene and water
extraction on permeability.
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*

water
SAPWOOD

1.0

(DARCYS)

alcohol-benzene'

PERMEABILITY

steaming

water
HEARTWOOD
alcoho1-benzene

steaming

0

1

2

LEVEL OF TREATMENT
Figure 12.

Effects of treatments over all species.

3
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Table 16.

Analysis of variance, modified permeability:
Level 1

Mean
square

P ratio

d.f.

Sum of
squares

399

70.980337
3.739903
.483565

1.246634
.120891

10.312*

1
Zones
Treatments
4
Species X Zones
3
Species X
Treatments
12
Zones X
Treatments
•4

41.364192
4.137871
2 .OIO941

41.364192
1.034468
.670314

957.061**
23.935**
15.509**

1.447558

.120629

2.791**

1.659741

.414935

9 .601**

Source
Total
Species
Trees/Species

Sp. X Z. X Tr.

12

.747860

.062322

1.44 NS

Error
Sampling Error

36
320

1.697625
13.691076

.047156
.042785

1.102NS

Pooled Error

356

15.388710

.04322

* Significant at the 0.Q5 level of probability
** Significant at the 0.01 level of probability
NS Not significant

i
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Table 17.

Analysis of variance, modified permeability:
Level 2

Mean
square

F ratio

99.493510
5.732479
.633337

1.910826
.583342

12.068**

Zones
1
Treatments
4
Species X Zones 3
Species X
Treatments
12
Zones X
Treatments
4

48.29555
9.536838
3.174431

48.29555
2.384209
1.058144

474.075**
23.404**
IO.387**

2.780137

.231678

2.274*

3.258913

.814728

7.997**

Sp. X Z. X. Tr. 12

1.459550

.121629

1.194NS

Error
36
Sampling Error 320

3.667433
20.954838

.101873
.065484

1.555**

Source
Total
Species
Trees/Species

*
**
NS

d.f.

Sum of
squares

399
3
4

Significant at the 0.05 level of probability
Significant at the 0.01 level of probability
Not significant
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Table 18.

Analysis of variance, modified permeability:
Level 3

Source

d.f.

Sum of
squares

Mean
square

P ratio

SAPWOOD
119

28.26005

Species
Trees/species

I

7.96273
1.97303

2.6542
.4933

Treatments
Species X Tr.

2
6

7 .18Q21
2.28427

3.5946
.38071

20.402**
2.161NS

8
96

1.40955
7.44126

.17619
.07751

2.273**

119

5.94292

Species
Trees/species

i

.16625
.04160

.055^2
.01040

5.208NS

Treatments
Species X Tr.

2
6

.435245
.227425

.21762
.03790

4.46*
Cl.OONS

.04996
.04867

1.03NS

Total

Error
Sampling error

5.38 NS

HEARTWOOD
Total

Error
Sampling error
*
**
NS

8
96

.39966
4.67274

Significant at the 0.05 level of probability
Significant at the 0.01 level of probability
Not significant

•V. .
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whereas the effect of steaming is small; and that of
alcohol-benzene extraction Intermediate.

Additionally;

further Improvement in permeability with additional
periods of steaming was not obtained, and the improve
ment caused by alcohol-benzene extraction tapered off
by the third extraction.

Hot-water extraction, on the

other hand, appears to be capable of yet further im
proving permeability, although a peak seems to have
been nearly reached, at least in sapwood.
Steaming certainly resulted in an initial improve
ment in permeability as compared with the original per
meability.

However, successive periods of 10-minute

steaming appeared to actually reduce the permeability
slightly;

The action of steaming on already dried sam

ples, is probably not of the same nature as the steam
ing of green samples.

In the green samples, at least

in the outer sapwood, probably few of the pits are aspi
rated, and the action of steaming is thought to be partly
one of making the pit membrane more flexible and less
likely to be firmly aspirated during a subsequent
drying process.

In the case of steaming already-dried

samples, one would anticipate that many of the pits are
already aspirated, and therefore the action of the
steam would either be one of loosening the aspirated
pits, or one affecting some of the extraneous substan
ces that may be clogging the pit apertures.

In order to determine the temperature reached in a
sample which was steamed for 10 minutes, a thermocouple
was sealed inside a permeability sample, and the tem
perature determined at intervals with a potentiometer.
The temperature in the center of the sample rose rapidly
from ambient temperature to about l60°F after 2|- minutes
and then rose more slowly to about 178°F after 10
minutes.

If steaming was continued for another 25 min-.

utes the temperature reached a maximum of 185°F.
Samples were also weighed before and after steaming.
Generally there was a very slight loss in weight, so
small as to be considered negligible in view of the errors
in weighing samples conditioned to a particular moisture
content.
It is apparent that the steam did not bring about
a drastic change in weight, either by condensation in the
cold wood at the beginning of the steaming period, or by
the volatilization of appreciable quantities of extra
neous materials.

It was not possible to distinguish be

tween the effect of heat alone and steam, since heating
in the absence of a surrounding high vapor pressure
would have resulted in the evaporation of water from the
wood and a partial reduction in moisture content.

Since

there was only a slight effect of steaming upon per
meability, associated with a minor change in weight, it
seems probable that steaming acted to induce a partial

evaporation of some of the more volatile extraneous mate
rials in the wood, or in some way to relax the pit mem
branes so that they were released from their aspirated
positions.

The failure of the second and third periods

of steaming to further improve permeability and the
actual reduction in permeability suggest the possibility
of both actions.

The relaxation of the pit membranes in

the first steaming might be followed by a redistribution
of volatile constituents of the wood in subsequent steam
ing.

These volatile constituents would be more likely to

condense in the smaller capillaries of the wood, some of
which may have Just previously been opened by the initial
steaming.

The condensation in these small capillaries

would then result in a slightly reduced permeability as
compared with the permeability after the first steaming.
Confirmation of this possible mode of action would be
possible only with a great deal of detailed work with an
electron microscope.
Thomas and Nicholas (1966) showed that recently
aspirated pit. membranes may be de-aspirated by resoaking
in water after drying to 5 percent moisture content,
despite Liese's (1951) report that pit aspiration is
irreversible.
Although steaming improved the permeability of the
heartwood for all species by as much as 200 percent,
after which the improvement dropped to 118 percent of

the original permeability, the actual increase in perme
ability was only 0.034 darcy initially, dropping to 0.018
darcy after the second steaming (Table 14).

In the sap-

wood, however, the permeability increased by only 42 per
cent, but the actual increase in permeability was 0.190
darcy.

If steaming resulted in the de-aspiration of

some of the pits at the first attempt, then it appears
that the aspiration of the sapwood pits was less secure
than that of the heartwood pits.

This is to be expected,

since the pits in the heartwood of the tree may be
aspirated while the tree is still standing (Phillips
1933)> and passage of time after aspiration would have
allowed the readjustment of stresses in the pit mem
branes or the partial cementing of the pit membranes in
position.

Also, any time-dependent process that might

result in the pit membrane losing its flexibility
would result in pit membranes that would not be easy to
move.

Thomas (1967) commented on "the extremely tight

aspiration" of the pits in the heartwood of longleaf pine.
Alcohol-benzene extraction of wood ground to a fine
mesh is a standard way of removing certain of the waxes,
fats, resins, and so-called wood gums.

The southern

pines, and especially the heartwood zones of these species,
are heavily infiltrated with these substances.

Extrac

tion of permeability samples for three periods of 4
hours resulted in increases in permeability as high as
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139 percent in slash pine sapwood, and 900 percent in
slash pine heartwood.

In the case of the sapwood of the

other three species, after the first 4-hour period there
was little improvement in permeability with additional
periods of extraction, whereas in slash pine each of the
additional periods of extraction resulted in further
increases in permeability.

Slash pine started with the

highest permeability, continued to gain in permeability
with successive treatments, and also showed by far the
greatest increase in permeability at all stages.

This

held for both sapwood and heartwood, although the dif
ferences are not as clear in the heartwood.
Hot-water extraction removes some of the same
materials removed by alcohol-benzene, but in addition
removes water soluble carbohydrates.

After three suc

cessive 4-hour extractions with hot water, much greater
improvement in permeability was achieved in the sapwood
of all species than had been obtained with alcoholbenzene extraction.

The same held true for the heart

wood except in the case of longleaf.

However, in all

cases, at the end of the third extraction the perme
ability had apparently not reached a peak.
ticularly evident in the case of slash pine.

This was par
This

failure to reach a maximum may be due to the failure of
the hot-water-soluble extractives to be removed effec
tively, since in contrast to the alcohol-benzene
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extraction, the samples were continually immersed in the
extraction liquor.

This liquor, after cooling, usually

formed a scum on the surface.

The same condition could

occur in the wood, and thus hinder the achievement of the
maximum permeability possible with a particular sample.
When alcohol-benzene extraction for 4 hours was
followed by hot water extraction for 4 hours, a lower
permeability was obtained in the sapwood than had been
with two 4-hour periods of hot water extraction, whereas
in the heartwood combined extraction resulted in a
higher rise in permeability than was obtained with either
of the other treatments after three extractions.

It

appears, therefore, possible that a different type of
action takes place on extracting either heartwood or sapwood.

This may be due to the degree of pit aspiration

and the permanence of it in the two zones of the wood.
Once again, the permeability of slash pine sapwood was
improved considerably more than the other species,^
although in the heartwood it was not possible to detect
this on the percentage basis because of the exceptionally
high permeability of two samples of this species.

In an

attempt to relate the changes in permeability to various
factors, a series of multiple regression analyses was
calculated.

In these analyses, the 40 samples of all four

species which were treated identically were grouped to
gether, and then permeability at different levels, the
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absolute increase in permeability, or the percentage in
crease in permeability were used as independent variables
with initial permeability, weight loss, specific gravity,
springwood percent, ring width, and frequency of resin
canals as the independent variables.

Summaries of the

results of these analyses are presented in Table 19.
In almost all cases, the permeability achieved at a
particular level, or the increase in permeability, was
most closely related to the initial permeability (X-^).
The second most frequently significant factor appeared
to be weight loss (X2 or X^).

Each of the other factors,

specific gravity (X^), springwood percent (X^), ring
width (Xg), and frequency of resin canals (X^), were
found to be significant only in certain cases.
Despite the fact that significant regressions were
2
found in almost all cases, the R value, or coefficient
of determination, was frequently so low as to indicate
that highly unsatisfactory predictions would result from
the use of these regressions.

The infrequency with which

factors other than initial permeability and weight loss
proved to be significant makes it highly problematical
as to what, if any, is the influence of these factors
on the modification of permeability.

However, since

weight loss was so consistently associated with improve
ment of permeability, the regressions of the mean ab
solute increase in permeability and mean percentage

114
Table 19.

Coefficients of determination for regressions
of modified permeability on various factors

Treatment

Level

Significant

1

Zone

Dependent
variable

independent
variables

sap
%

1

2

Y2

.8589
.1292
.0951
.9123
.8995
.0703
.1182
.1946
.2812
.1471
.2285
.1190
.0532
.0335
.7763

X1
Xl
Xi,X3
xj J

Y4
heart

3

*3
x3
xi,x3

y5

X1,X3
Xl J

Xl

2
1

y2
sap

§ ■

X1,X2
X1

x2,x 5

*.20o 5
.1084
.3998
.2691
.7230
.6250
.1146
.4287
.3351
.1490
.5530
.4789
.2629
.4799
.1455

x5
x 1 jx2

i

y2
Y4

Y6
heart

Y6
Y1

§
%

sap

Y6
y6
Y1
Y1

x2

Xl,X3
Xl
x3
xl>x3
Xo J
Xg

Xi,X4
X4
Xg
x3,X6
x3
x3
x3*x6
x3

.3082
.4589
.2294

x l,x 2

Xl,X2
Xl

1

y2
(Continued)

Xg
X1,Xg,X7

x±,x?

'

*99
.3765
.1225
.2968
.4877
.4278
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Table 19.

Treatment

(Continued).

Level

Zone

Dependent
variable

sap

Y2
Y4

Y6
1

heart

2

Y6
Y1
y3
y5

y2

Significant
independent
variables
x7
Xi,X3
X3,Xg
x3
Xi
X2
Xi
Xi

sap

?!
*3

I
I
Y4

1

heart

2

heart

1
y2
y2
Y4
Y4
Y4

Y6

Y6
Y6

.3395
.2177
.2878

.2028
.9763
.1003
M

Xi,x5

.0831
.7863
.7249

X1

:8B

Y4
1

R2

X^X5
Xl 5
X1
Xl
Xi,X2
X1
x2
X1
X1>X3,X6
X i ,Xo
XT. J
X3,X4,X6
X3,X6
x3
x 1>x 3>x6
xl>x3

Xl

.2072
.1064
.4584
.1176
.0752
.9064
.8608
•3333
.5856
.9503
.9380
.9295

.2754
.9081
.8855
.8698

Y subscripts: 1, permeability, level 1; 2, permeability,
level 2
, # increase in permeability,
level 1 ?, % increase in permeabilityi
level 2 5, absolute increase in perme
ability \ level 1; 6, absolute increase in
permeability, level 2.
X subscripts: 1, initial permeability; 2, % decrease in
weight, level 1; 3* % decrease in weight,
level 2; 4, specific gravity; 5> springwood percent; 6, ring width; 7, resin
canal frequency.

increase in permeability for each treatment on mean weight
loss per treatment were calculated.

For both sapwood and

heartwood, significant linear regressions were found.
significant quadratic effect was detected.

No

The data are

presented in Table 20, and Figures 13 and 14 show the
plotted means and calculated linear regression lines.

It

appears from these results that, regardless of the me
thod used to modify permeability, weight loss was strongly
influential upon the resultant change in permeability,
whether this is measured as an absolute value or as per
centage of the initial permeability.

The scale of the

effect differs between heartwood and sapwood.

For in

stance, a 1 percent loss in weight by the sapwood was
associated with an increase in permeability of 0.20 darcy
or a percentage increase of 47 percent, whereas in heart
wood as much as a 10 percent loss in weight was asso
ciated with a gain in permeability of only 0.11 darcy
which is equivalent to a percentage gain of 900 percent.
The same treatment in sapwood as in heartwood removes a
far smaller amount of extraneous materials, but improves
the permeability at a much faster absolute rate.

This

suggests that although in both sapwood and heartwood the
effect of extractions seem to be closely tied to the
amount of materials removed, the effectiveness of such
treatments is affected strongly by some factor which
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Table 20.

Weight loss and increase in permeability
resulting from four treatments

Treatment
and
level

Weight loss

percent-

Increase in permeability
Absolute
darcys

Relative
percent

HEARTWOOD
Steam (1)
Steam (2)
Alc/benz (1)
Alc/benz (2)
Water ext ( V
Water ext
Mixed ext (l
Mixed ext (2

.12

.03
.02

7.06

.08

10.33
3.97
6.09
6.23
8.38

.10

.18

1300

.20

.20
.14
.37
.42
•p

46
31

.08
.10
.10

468

228
860
1057
523

819
813

SAPWOOD
Steam (1)
Steam (2)
Alc/benz
Alc/benz
Water ext
Water ext (2'
Mixed ext fl]
Mixed ext (2,

1.06
1.12
1.56

82

.62

94
100
139

.30
.50
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distinguishes sapwood from heartwood.

This factor would

-f4
'" . . .

appear to be the one of aspiration of the pits.

In the

case of the sapwood, the pits either were not as com
pletely aspirated, or were aspirated only temporarily,
whereas in the case of the heartwood aspiration even
before the trees were cut was probably very widespread
and was probably of a more permanent nature, not to be
relieved by either solvent extraction or steaming.
Allowing for the effect inherently associated with
the sapwood and heartwood zones of the tree, it appears
that within both zones there was a strong dependence
upon the amount of extractives removed.

The more ex

tractives which were removed, the greater the improve
ment in permeability.

It will, however, be noted that

water extraction appeared to have a greater effect for
a given amount of weight loss, and this is despite the
tendency of the pits to aspirate upon drying from water.
An additional experiment was performed on sapwood
samples of loblolly pine to determine if any of the
increase produced in permeability by extraction with
benzene-alcohol could be attributed to the results of
drying from the solvent used in extraction.
To each of four groups, five samples were randomly
assigned.

The permeability of the samples was measured,

and then the samples were immersed in beakers containing
one of the following four liquids at room temperature:
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(1) water, (2) ethyl alcohol, (3) 2il mixture of benzene
and ethyl alcohol, and (4) acetone.

Alternate vacuum

.-

and atmospheric pressure were applied to the samples
while they were immersed for a period of 4 hours, after
which the samples were returned to the constant tem
perature and humidity cabinet for two days.

Their per

meability was measured again, and once more the samples
were immersed in the same liquids as before for a period
of 6 hours.

After two days in the conditioning chamber

their permeability was measured once more.
The permeability values obtained are listed in
Table 21, and the results are illustrated in Figure 15.
An analysis of variance on the results is presented in
Table 22.
There were significant differences between treat
ments and between levels.

At level 0, before treatment,

there had been no significant differences, so that it may
be assumed that any differences which occurred between
treatments were due to the treatment and not to initial
differences in permeability.

Significant differences

among treatments lay between the water soak and the three
organic soaks, and also between acetone and the alcohol
and alcohol-benzene mixture.

The three solvents other

than water were chosen because of their low surface
tension.

Alcohol has a surface tension of about 21.5

dynes per cm, acetone has a surface tension of about 26.2
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Table 21.

Permeability of samples treated by soaking in
different liquids

Liquid

Permeability
Initial
Level 0
-

Water

-

-

-

-

Level 1
Level 2
- - - darcys - ■

.67
.62
.53

*§2
.69
.91
.79
.88

.58
.72
.91
.83
.80

Mean

.55

.76

.77

Ethyl alcohol

.31
.70
.22

.53
.88

*5§-

^3

:3S
.70

.47
.81

.43

.59

.67

:8

.16
.61
.64

.67
.75
.23
.90
.67

•74
.60
.34

Mean

.49

.64

.66

Acetone

.27
.30
.27

:3£

.33
.50 .53

.36
.50
.54

.33

.43

.44

.47

Mean
Benzene-alcohol
'

:n
Mean

.0

water

(DARCYS)

alcohol

alcohol-benzety

PERMEABILITY

acetone

0

0

1

2

LEVEL OF TREATMENT
Figure 15.

Effect of soaking with various liquids
on permeability.
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Table 22.

Analysis of variance, permeability as
affected by various soaking treatments

Mean
square

P ratio

38109

.191545

6 .583**

.67101

.22367

7 .727**

1

.333

.333

11.5**

Alcohol & benzene/
alcohol vs.
acetone
1

.321

.321

11.1**

Alcohol vs.
benzene/alcohol

.017

.017

<1

NS

6

.03100

.00517

<1

NS

48

1.38936

Source

d.f.

Total

59

2.47246

Levels

2

Treatments

3

Water vs.
organic solvents

Levels X Tr.
Error

**
NS

1

Sum of
squares

.028945

Significant at the 0.01 level of probability
Not significant

dynes per cm, and benzene near 29 dynes per cm at about
20°C.

On the other hand, water has a surface tension of

about 74 dynes per cm (Hodgman 1946).

Water causeddthe

wood to have a higher permeability than did the other
three solvents.

Now, since in drying from the green

state, all these specimens had been dried from water,
then the effect of resoaking with water followed by dry
ing cannot be regarded as a response to a different sur
face tension.

Additionally, if the surface tension of

the liquid had been critical in this case, one would
have expected the solvents which had low surface tension
to bring about the greatest improvement in permeability.
Water does differ from the other liquids in one other
respect, namely its ability to swell the cellulose
(Stamm 1964).

Although both acetone and ethyl alcohol

swell cellulose to a certain extent, they do not swell
it as much as does water.

On the other hand, benzene

does not swell wood to any appreciable extent.

This may

account for the fact that the alcohol-benzene mixture
that is predominantly composed of benzene raised per
meability of the wood negligibly.
The differences in permeability brought about by
soaking wood in different liquids can not be attributed
to a loosening of the formerly aspirated pits.

The

samples used for this part of the study had been stored
for several months in the constant temperature and
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humidity cabinet, and, therefore, it would be reasonable
to assume that the pits that had become aspirated during
drying would probably be as firmly held in place as
those of the heartwood, in which aspiration is generally
regarded as permanent.
It appears that the amount of increase in perme
ability obtained in extraction of wood with alcoholbenzene mixture cannot be considered to be, to any great
extent, due to de-aspiration of the pits, since there is
no evidence that similar samples had their pits de
aspirated by redrying from low-surface-tension liquids.
This is in contrast to the findings of Thomas and
Nicholas (1966) who were able to de-aspirate pits in
wood which had recently been dried.

The time lag be

tween original drying and any effort to move the pit
membranes probably affects the ease with which the mem
branes can be dislodged.
One further experiment was carried out to try to
determine if the surface tension of the liquid, from
which the seasoned wood was redried, had any effect upon
the permeability.

In this experiment, 20 loblolly sap-

wood samples were randomly assigned to five treatments.
These treatments consisted of soaking the wood in dif
ferent concentrations of ethyl alcohol in water, viz.
100, 75, 50, 25, and 0 percent.

As in the previous

experiment, the soak was for 4 hours, with a second soak
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of 6 hours, both at room temperature, while alternating
vacuum and atmospheric pressure were applied.

Before

treating, and after 24 hours of conditioning in the
constant temperature and humidity cabinet after each soak
ing, the permeability of each sample was measured.
Figure 16 illustrates the results obtained.

There

was no consistent trend apparent when different concen
trations of alcohol, and therefore liquids of different
surface tensions, were used.

This finding confirms that

found in the previous eaqieriment.

Phillips (1933) had

noted that ethyl alcohol had less effect in reducing the
amount of aspiration, when drying wood from the green
state, than he had anticipated from a knowledge of the
surface tension involved.
effect of dissolved resins.

He attributed this to the
Of course, the effect of

dilution with water already present in the wood should
not be ignored.

However, had there been an effect from

surface tension, it seems reasonable to suppose that a
trend would have been revealed in this experiment.

The

last two described experiments lead to the supposition
that essentially none of the increase in permeability
obtained by solvent extraction is attributable to modi
fication of the degree of aspiration of the pits.
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Figure 16.

Effect of. soaking in various con
centrations of ethyl alcohol in
water on permeability.

SUMMARY AND CONCLUSIONS
A study of the air permeability of air-seasoned wood
of four species of southern pine was carried out.

Wood

samples were removed from the bases of five trees of each
species and were stored in a refrigerator until used.
The radial distance of each sample from the pith center
of the tree was recorded.
Preliminary problems in building and manipulating
a suitable permeability-measuring apparatus provided an
opportunity to determine the effects of using samples of
different lengths and of different moisture contents,
and also of checking whether the permeability of southern
pine wood, as measured with air as the permeant, varies
with reciprocal mean pressure, as would be anticipated
from the work of Adzumi (1937a> b) and Klinkenberg
(1941).

Although a loss of many samples as a result of

molding during refrigeration reduced the number of
samples available, the salvaged samples which were
definitely free of any fungus infection from the first
three trees of each species, as well as the samples which
were cut from two additional trees of each species,
provided enough samples to allow a comparison between
species in both heartwood and sapwood.
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Subsequently* 25 samples from the heartwood and 25
samples from the sapwood of each of two trees of each
species were used to examine the effects on permeability
of several treatments.

Samples were either steamed for

ten-minute periods* extracted with a 1:2 alcohol-benzene
solution, extracted with hot water* or extracted with the
alcohol-benzene solution as well as with the hot water.
Several other experiments were performed with the ob
jective of explaining the probable mode of action of these
treatments.
Measurements on most samples included weighing at
known moisture content, caliper measurement of length,
and determination of ring width* springwood percent, and
the frequency of longitudinal resin canals.

Specific

gravity was calculated for each sample for which weights
were available by dividing the calculated oven-dry
weight in grams by the volume of the sample in cubic cm
as determined from caliper measurements.

Analyses of

variance and regression analyses were calculated to aid
in the interpretation of the results.

Several Fortran

programs were written so that the calculation of per
meability could be handled rapidly and free of error.
The following conclusions have been drawn from the
results of this study:
1.

When the permeability of loblolly sapwood

samples that were shorter than about 1.0 to 1.25 cm was
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determined, estimates of permeability were obtained which
were significantly higher than those obtained with longer
samples.

This is attributable to the relative frequency

of tracheids severed by the end surfaces of the samples
to the frequency of uncut tracheids.

Therefore, when

determining the longitudinal permeability of southern
pine wood, the length of the wood samples should be at
least 1.5 cm so that the bias which will be introduced by
using short samples will be reduced.
2.

The permeability apparatus was designed to pro

vide pressure drops across the wood samples ranging from
a few millimeters to near atmospheric pressure.

Within

this range it was possible to confirm a linear relation- '
ship between reciprocal mean pressure and apparent gas
permeability.

The greatest hindrance to the develop

ment of a reliable straight-line relationship lies in
the considerable error introduced into the calculation of
permeability when low flow rates are recorded.

With very

low flow rates of a few milliliters per minute, an error
in the flow measurement of 0.25 milliliters per minute
may result in as much as a 25 or 50 percent error in the
calculated permeability.

For more definitive work in

this area, it is necessary to use an apparatus which
allows a greater pressure drop over the sample than that
possible in this study.

3.

As wood dries below the fiber saturation point,

the permeability to air slowly increases.

If, after

drying, the samples are allowed to reabsorb water from
a saturated atmosphere, and the permeability is measured
again during drying, the new permeability values obtained
are found to be higher than the original estimates at
comparable moisture contents.

The permeability continues

to increase with successive drying cycles, but the effect
is negligible when the moisture content is above about
20 percent.

This is thought to be the result of the .

minute checks formed in the cell wall during drying.
These checks appear to act as transient cell-wall capil
laries and to condense water vapor at low relative vapor
pressure.

If the wood is not dried to below about 6

percent, no significant increase in permeability is
induced at comparable moisture contents.

During the

reabsorption stage in a drying and rewetting cycle,
there is a lag in regaining the same permeability as had
been observed on the drying side of the cycle.

This is

not entirely understandable but is possibly related to the
hysteresis effect observed in moisture content isotherms
for wood.
4.

In comparing the permeability of different

species, the effect of the difference between heartwood
and sapwood samples can not be ignored.

The permeability

of the sapwood of loblolly, for instance, averaged over

133
100 times greater than the permeability of the heartwood
for the five trees sampled whereas longleaf, which had
the least difference between the two zones, had a sapwood permeability 15 times greater than the heartwood
permeability.

Despite the small number of trees sampled*

significant differences were found between the four
species.

Slash pine had the highest sapwood permeability

(.56), followed by loblolly (.53) and shortleaf (.39)*
while longleaf had the least permeability (.33).

In the

heartwood, there was little difference between longleaf,
slash, and shortleaf, but loblolly pine had considerably
lower permeability.
5.

The wide difference between the permeability of

sapwood and heartwood held true when the samples were
classified into zones on the basis of color difference,
except in the case of three samples of slash pine.

For

this reason, it may be assumed that differentiation of
sapwood from heartwood on the basis of color differences
will, except in a very few cases, segregate wood of
exceptionally low permeability from wood of moderately
good permeability.

The initial permeability of sapwood

samples was not found to be correlated with the radial
distance of the samples from the pith center of the tree.
6 . There is no indication that the differences in
permeability observed between species can be attributed
to either specific gravity, ring width, or springwood
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percent.
7.

Within each species and zone, an attempt was made

to attribute some of the variation in permeability among
different samples to differences in the specific gravity,
ring width, and springwood percent.

In the case of

sapwood, in slash pine the permeability was found to be
correlated with both specific gravity and springwood per
cent, and in shortleaf, permeability was correlated with
springwood percent.

However, the amount of variation

accounted for by variation in these factors was so small
as to leave considerable doubt about the validity of
asserting more than a very weak influence of these
factors in permeability.

Additionally, in the other two

species, neither of these variables was found to be
correlated with permeability.
8 . In heartwood samples, ring width was found to be
correlated with permeability in loblolly and slash, as
also was specific gravity in loblolly.

However, as in

the case of the sapwood, very weak relationships between
the variables were found.
9.

Steaming small samples of wood for periods of

ten minutes at atmospheric pressure resulted in a small
but distinct increase in permeability the first time this
was done.

Later steamings did not result in any further

improvement but rather appeared to result in a slight
decrease in permeability.

The initial improvement in
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permeability was considered to be most likely due to the
relaxation of some of the less firmly aspirated pit mem
branes.

No difference was apparent between species in

their response to steaming.
10.

Extraction with a 1:2 mixture of ethyl alcohol

and benzene for periods of 4 hours resulted in considerable
increased in permeability.

After three such treatments,

the permeability of sapwood of loblolly, longleaf, and
shortleaf appeared to have reached a maximum whereas in
the case of slash, there was an indication that the per
meability had not yet reached a maximum.

The increase

in permeability of slash sapwood was greater than that of
the other three species.

In heartwood smaller absolute

increases in permeability were obtained, and the final
permeability was still well below the level of sapwood
permeability.
11.

As was the case with alcohol-benzene extraction,

extraction with hot water for periods of 4 hours resulted
in substantial increases in permeability of both sapwood
and heartwood.

However, the increases in sapwood were

generally larger than those obtained with the organic
solvent.

Additionally, it appeared that the increase in

permeability had not yet reached a peak for all species.
In the heartwood, loblolly and shortleaf permeabilities
increased more than they had with the organic solvent,
and the other species had smaller increases in
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permeability.

The final permeability of heartwood was

still well short of the permeability of sapwood.
12.

Extraction with alcohol-benzene mixture fol

lowed by hot water extraction resulted in increases in
permeability in sapwood which were generally between the
increase brought about by the two types of extraction
separately after two extraction periods.

In all species,

and both zones of the wood, it appeared that further
extraction would have resulted in further increases in
permeability.

In the heartwood, greater increases in

permeability were obtained with two periods of extraction
than were obtained with three periods of extraction with
either water or the organic solvents alone.
13.

Improvement of permeability within any one

treatment was most strongly correlated either with the
initial permeability of the wood, or with the amount of
weight which was lost in the course of treatment.

In

some cases, such factors as specific gravity, spring
wood percent, ring width, and resin canal frequency
were found to be significantly correlated with the im
provement in permeability.

There was no consistent

pattern to this, and generally, despite statistically
significant correlations, the amount of variation
accounted for by the variables other than initial perme
ability and weight loss was so small as to make any re
liance on them as controlling factors extremely uncertain.
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14.

Improvement in permeability, either absolute or

as a percent of the initial permeability, was found to be
significantly correlated with weight loss, regardless of
the treatment used.

This appears to indicate tha$,

regardless of the mode by which the permeability is im
proved, the degree of improvement depends strongly upon
the amount of extraneous materials removed from the
wood in the course of treatment.

Any effect of de-

aspirating the pits in either sapwood or heartwood is con
sidered minimal.
Without doubt there is still much need to explore
the permeability of wood to a greater extent than has
been done to date.

Because of the effect of aspiration

of pits in the course of drying, this factor should be
controlled.

Measurements of permeability over a great

variety of conditions should be carried out, and such
treatments as steaming- and solvent extraction should be
studied in combination with electron microscope studies
of the cell wall and particularly the pit membrane and
torus.

There is a strong indication from this study

that the permeability of the different species of south
ern pine, and particularly slash pine, should be studied
separately.

There is also a need to study the perme

ability of wood to multiphase fluids and heterogeneous
liquids, and, since there are such special problems in
volved in obtaining reproducible results with liquid

permeability, such studies should he combined with gasphase permeability studies so that the technically
simpler methods of gas-phase permeability measurement may
be used to predict adequately the permeability of wood to
other types of fluids or fluid mixtures.
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APPENDIX A - DEFINITIONS OF TERMS USED IN THIS THESIS
Aspiration: the process in which the torus in the pit
membrane of bordered pit in coniferous wood is
displaced laterally against the border of the
pit aperture so as to block the aperture. A pit
in this condition is described as aspirated*
and degree of aspiration refers to the relative
number of aspirated pits to the total number of
pits in the piece of wood under consideration.
Equilibrium moisture content: the moisture content of
wood when the wood is in equilibrium with the
atmosphere in respect to the loss or gain of
moisture. It is affected by the temperature
and relative vapor pressure of the atmosphere.
Fiber saturation point: the moisture content, of wood
when all the water has been removed from the
cell cavities of the wood* but the cell wall
structure itself is still fully saturated with
water. The value of the fiber saturation
point in wood generally ranges between 25 and
30 percent.
Moisture content: a quantitative measure of the
amount of water in wood expressed as a per
centage of the oven-dry weight of wood* and is
the weight of water in the wood, divided by
the oven-dry weight of the wood, multiplied
by 100.
Porosity: the relative volume of a material that is
occupied by air compared to the total volume
of the material inclusive of air spaces.
Specific gravity: in wood this is the ratio of the
weight of a certain volume of structurally
intact wood to the weight of a similar
volume of water. Since wood shrinks and
swells* the volume must be specified at a
particular moisture content* and is usually
specified as at any moisture content above
fiber saturation point* in which range no
shrinkage occurs. The weight of wood must
be determined in the oven-dry condition.
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Viscosity: the resistance offered to flow of a fluid
when it flows as if divided into layers or
laminae. A high viscosity fluid flows less
readily than a low viscosity fluid. Tem
perature strongly influences the viscosity of
most fluids.

APPENDIX B
CALIBRATION CHARTS FOR THREE FLOWMETERS AND
CORRECTION CHART FOR CALCULATION OF FLOW
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CALIBRATION CHART
(Flowmeter No. 1)
ml/min standard

260
220
200

—
—

160 —
140 -=l
100

80

I

m

-d
—

60 -3

30
40
50
60
70
SCALE READING AT CENTER OF BALL

100

CALIBRATION CHART
(Flowmeter No. 2)

■! f j
| I

R
ml/mln standard a.

1000

150

SCALE READING AT CENTER OF BALL

A

CALIBRATION CHART
(Flowmeter No. 3)

|

R
ml/min
12,000

11,000
10,000

9,000
8,000
7,000
6,000
5,000
4.000

3.000
2,000
1,000
500
200
0

10

-20

30
40
50
60
70
SCALE READING AT CENTER OF BALL

80

90

100

CORRECTION CHART
1.

Calculate Stokes number from following formula:
St - 1.042(Nf(Pf - P ) P ) R 3 / ( ^ 2 P f j
where: Wf = wt of hall, Pf = density of float. P =
density of fluid, «) = viscosity of fluit^ and R is the
particular value of percentage change in diameter ratio
of the flowmeter bore.

2.

Read corresponding value of CR from chart.

3.

Determine volume flow from following formula:
Q = 59.8Df Cj/(Wf(Pf - P)/(PfP)(r ) (R/ioo + 2)
where Df = diameter of float in inches.

Note: all measurements except Df are in the units of
the e.g.s. system.
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